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The forest industry is a highly cost intensive business and therefore effective 
management is necessary. Information about productivity and time consumption of 
harvesting equipment in a variety of stand and site conditions can help operation 
managers to be efficient. In the state of Maine there have not been any productivity 
related publications within the past 25 years. Due to this lack of information and the need 
of information of productivity, especially in small diameter stands, the presented 
research developed. The focus of this study is on whole-tree harvesting systems 
including feller-buncher, grapple skidder and stroke delimber, as well as cut-to-length 
harvesting systems consisting of harvester and forwarder.  
Time and motion studies have been carried out during the summer of 2012 
during the observation of seven whole-tree and five cut-to-length operations. All 
operations were carried out in high density, small diameter wood stands common to 
Maine and this region. In addition to time, tree volume and residual stand damage data 
was collected. Results of this study present a new model for feller-buncher harvesting 
time prediction, which includes an algorithm that accounts for the specific harvesting 
  
conditions in this region. Further the results show the variation in productivity for the 
remaining four pieces of equipment. Predictive models are presented for productivity and 
time estimation. The analysis of the influence of the combination of operator, machine 
and site conditions shows that this influence explains between 5% and over 50% of the 
variation in the data for individual machine types (e.g. feller-buncher, grapple skidder). A 
residual stand damage analysis carried out for the harvesting machines only (feller-
buncher, harvester), shows that the damage ranges from less than 10% to over 50% of 
the residual trees. With the small sample size no significant differences could be found 
between the two harvesting machines and the stand damage caused.  
Recommendations for the future are to collect additional data to verify the 
predictive models and to expand the data collection to extreme stand and site conditions 
such as extensive slopes. Additional stand damage data will be necessary to draw more 
accurate conclusions about the difference between the two harvesting machines. After a 
limited verification process, however, the results seem to be legitimate and can be 
incorporated into existing cost and productivity prediction software used in this region. 
Land managers and contractors will now be able to benchmark their productivity against 
the baseline productivity encountered in Maine to identify areas of improvement within 
their own harvesting operations. Participants of this study already agreed on 
participating again in the future to assist in further data collection as they have identified 
the benefit of this research to their business. 
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INTRODUCTION 
 
This research has been carried out to provide the forest industry in this region 
with productivity information for whole-tree and cut-to-length harvestings systems, 
especially since there is a lack of publicly available productivity information from the past 
25 years. The harvest of small diameter wood was emphasized due to approx. 11 million 
acres of small and medium diameter (<27 cm dbh) forest land in Maine (McCaskill et al. 
2011). Chapter 1 is a literature review to further justify this research, while Chapters 2 
through 4 examine the productivity of feller-buncher, cut-to-length system, and whole-
tree system, respectively. Chapter 5 is dedicated to the stand damage caused by 
harvesting machines (feller-buncher and harvester). 
Chapter 1, “Background and Literature Review”, elaborates on existing 
productivity information for whole-tree and cut-to-length systems, as well as existing cost 
and productivity calculating software. A brief overview of the role of forestry in the state 
of Maine is given. Published productivity information is reviewed and scrutinized in 
regards of their differences in productivity, tree species, slopes, and stand and site 
conditions. Recent literature is reviewed to examine influential factors of productivity 
such as stem size, payload, and hauling distance. One subsection is dedicated to the 
influence of operator on productivity. Research shows that the operator influence can be 
up to 40% (Purfürst and Erler 2011; Purfürst 2010a; Kärhä et al. 2004). The conclusion 
of this chapter is that stand and site conditions encountered in this region are different 
from those of other research studies and therefore their productivity information cannot 
be easily used in this region. 
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Chapter 2, “A multi-stem feller-buncher cycle time model in partial harvests in 
small diameter wood stands”, presents the results of this study in regards of feller-
buncher. While most prediction models for feller-buncher are based on single stem 
cutting (e.g. Adebayo et al. 2007), the reality in Maine is that about 50% of the trees 
harvested are cut in feller-buncher head accumulations (bunches) of two to five trees.  A 
new model for feller-buncher harvesting time prediction is presented. Instead of focusing 
on the individual tree the bunch is targeted. Using the proposed process a cut-list can be 
fed into the model which will calculate the possible bunches and return the predicted 
time consumption. The productivity can be calculated using the estimated tree volume of 
the cut-list and the predicted time consumption. Due to the observation of seven different 
operations with six different operators and machines it was possible to determine the 
effect of the combination of operator, machine and site conditions. This combination 
explains over 30% of the variation in the data and therefore emphasizes the need of 
operator training. 
Chapter 3, “Productivity of a cut-to-length system in partial harvests in Maine”, 
presents productivity curves for harvester and forwarder. Harvester productivity differs 
between softwood and hardwood species and increases with increasing stem size. 
Forwarder productivity depends greatly on the hauling distance and the payload. The 
analysis of the effect of the combination of operator, machine and site conditions reveals 
that this effect contributes less than 5% to the explanation of variation in the harvester 
data. However, the same effect in the forwarder explains over 50% of the variation. Due 
to the small amount of five operators and sites this effect might not be representative for 
operators in this region and therefore additional time and motion studies need to be 
conducted to further investigate this effect. 
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Chapter 4, “Productivity of a whole-tree system in partial harvests in Maine”, 
examines the productivity of grapple skidder and stroke delimber, and compares the 
values to feller-buncher productivity. Grapple skidder productivity depends on the 
hauling distance and the payload, while the stroke delimber productivity depends on the 
stem size. No significant difference in productivity could be found between softwood and 
hardwood delimbing. Feller-buncher productivity is about two times as high as grapples 
skidder and stroke delimber productivity. Five grapple skidder and stroke delimber with 
different operators and machines were studied. The effect of the combination of 
operator, machine and site conditions only contributes 10% to the variation in the data. 
The developed models will be used to update regional cost and productivity software. 
Chapter 5, “Assessment of feller-buncher and harvester caused stand damage in 
partial harvests in Maine”, reports on the encountered stand damage caused by the two 
major harvesting machines used in Maine. Stand damage was measured at seven 
whole-tree sites and three cut-to-length sites immediately after the harvesting. 
Encountered stand damage ranges from 7% to 57% of the residual trees and it is to be 
expected that the stand damage will increase with the skidding and forwarding. The 
results also show that the operator plays a vital role in controlling stand damage caused 
by harvesting equipment. No significant difference in the variation of stand damage 
between feller-buncher and harvester could be found. Reasoning for this might be the 
very small amount samples collected. To further assess stand damage caused by 
individual machines and the effect of the operator on stand damage more data needs to 
be collected. 
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CHAPTER ONE: 
BACKGROUND AND LITERATURE REVIEW 
 
Introduction 
The logging industry is a highly capital intensive business primarily due to the 
fact that forestry machines are very expensive to own and operate. Efficient 
management is necessary to keep a business running and to produce some profit, but 
this can only be achieved by having up-to-date productivity and cost information to make 
operational and planning decisions for each type of equipment. Holzleitner et al. (2011) 
report similar thoughts and also elaborate that the monitoring of economic variables can 
be difficult. As Wang et al. (2004) state: “Production and cost are always major concerns 
in choosing a harvesting system. Many loggers are hesitant to devote high investment 
costs into a harvesting system, especially if they have doubts that it will produce the 
volume needed to produce a profit”. This shows once again that without proper 
information about productivity and costs loggers are not willing to invest in new 
equipment. Further, without that information they can’t benchmark their productivity or 
costs to regional averages.  
The personal experience of Dr. Jeffrey G. Benjamin (University of Maine, School 
of Forest Resources) with logging contractors in Maine shows that contractors have 
identified the need for productivity and cost information and some have started keeping 
track of their own equipment. A variety of data tracking systems have been developed by 
the contractors from simple spreadsheets to very sophisticated databases with software 
extensions on handheld PDA’s to track more detailed time and production data on every 
piece of equipment (Stone et al. 2011). Regardless of the level of sophistication of the 
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tracking systems, collecting and managing such data is time consuming and expensive.  
Further, these data are not shared within the industry, rather they are held confidentially 
within each logging company for internal use and planning purposes.  
The goal of this research is to improve the cost effectiveness of harvesting 
operations by developing productivity functions for the following pieces of equipment: 
feller-buncher, processor, grapple skidder, forwarder and stroke delimber. Data will be 
collected on sites with stand characteristics, ground conditions and harvesting practices 
common to Maine. Multiple contractors will be included in the study and the results will 
be pooled to get overall valid results for Maine’s woods as well as the surrounding 
region. 
The approach of having productivity and cost functions available for the forest 
industry is not new. Many countries including Canada and Germany use detailed 
numbers to estimate cost and productivity of harvesting operations. These data are 
available from government agencies and forestry research institutes. Further, accuracy 
of machine rate calculations have been and will be improved in Germany and Europe to 
meet the needs of the logging industry (Forbig et al. 2012; WG3 group 2010). Research 
studies in Italy (Spinelli et al. 2010; Spinelli and Magagnotti 2010), France and Finland 
(Spinelli et al. 2007), and some parts of the United States (Bolding et al. 2009; Adebayo 
et al. 2007; Wang et al. 2004; Brinker et al. 2002) use similar approaches in methods 
and analysis of their data to develop machine rates, productivity and cost functions for 
their logging equipment with respect to site and forest conditions. Unfortunately no 
research of this nature has been conducted in Maine for over 25 years, so this study will 
help Maine’s logging industry to improve the cost management of their harvesting 
operations by having more accurate productivity information specific to the equipment 
and stand conditions in this region. The fact that this study is funded by the Cooperative 
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Forestry Research Unit (CFRU) also shows that the forest landowners recognize the 
value of this initiative.  
There are several models and software programs available to analyze the 
harvesting cost based on productivity functions and machine rates to develop system-
level cost estimates. Software developed by the USDA Forest Service include 
PPHARVST (Fight et al. 1999 - a model to estimate harvesting costs in Ponderosa pine 
plantations), STHARVEST (Fight et al. 2003 - a model to estimate the cost of harvesting 
small timber) and FRCS (Fight et al. 2006 - a model to simulate costs for various fuel 
reduction treatments). As mentioned above, the challenge with using these models in 
Maine is that they were not developed for stand characteristics, ground conditions, or 
harvesting practices common to this region. PPHARVST and STHARVEST in particular 
have no Maine specific data in their models. The cited literature for these models has 
mostly been published between 1970 and 1998 and has mainly been conducted in the 
western US, Canada and New Zealand. FRCS has a version for the Northeast and 
North-Central region which includes Maine, however, the cited references for the 
Northeast region are limited and mostly from the 1980s and 1990s. The Planning and 
Analysis in Timber Harvesting (PATH) tool by Bick (2011) compares and analyses the 
costs of individual machines and harvesting operations depending on the inserted 
variables. This tool was developed primarily for the northeast region to compare existing 
harvesting systems with each other and to conduct simulations with changing variables 
such as productivity. Compared to other software PATH is not used to solely calculate 
costs and productivity but rather to assist the user with information for the planning of 
harvesting operations.  
The following sections are intended to provide an overview of the literature 
reviewed in order to prepare for this study. It will first highlight the importance of the 
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logging industry to Maine, followed by a summary of the broad range of research that is 
associated with time and motion studies that will be carried out for this study. The review 
will identify a variety of study designs and data collection techniques as well as 
summarizing results from previous studies in regards of influential factors of productivity. 
Finally, the review will summarize data analysis and model validation techniques. This 
literature review will highlight that most of the latest productivity studies between 2007 
and 2011 have been conducted in Europe.  
 
Information about Maine 
As described by the North East State Foresters Association (2007) Maine is the 
most forested state in the nation with almost 90 percent of the land forested 
(approximately 17.6 million acres (7.1 million ha)). Forest-based manufacturing is the 
largest manufacturing industry in Maine which contributed 36% of Maine’s total 
manufacturing sales to the economy in 2005 (North East State Foresters Association 
2007). This shows the importance of the forest industry in Maine and the necessity of 
effective management in combination with accurate productivity and cost information to 
further optimize and strengthen their contribution to Maine’s economy. Total revenue 
from Maine’s forest in 2005 was $6.47 billion or $366.63 per forested acre according to 
the North East State Foresters Association (2007). 
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Figure 1.1: Common forest types in Maine (re-drawn from North East State Foresters 
Association (2007)) 
 
The Maine Forest Service (2012) reports that in 2011 a total of 443,169 acres 
(179,344 ha) have been harvested. More than 95% of the total area has been harvested 
as a partial or shelterwood cut using whole-tree and cut-to-length harvesting methods 
and systems. The Maine Forest Service (2012) report shows that the harvested area in 
Maine decreased from 2005 to 2009 by 26% but increased slightly from 2009 to 2010. 
North East State Foresters Association (2007) reports that the northern hardwood forest 
type is the most common in Maine and covers 7.0 million acres (2.8 million ha) (41%), 
followed by the spruce/fir, aspen/birch and white/red pine forest types (Figure 1). The 
North East State Foresters Association (2007) reports that the majority of timberland in 
Maine is privately owned (16.4 million acres (6.6 million ha) or 95.6%). The Maine Forest 
Service estimates that business owners (corporate and investors) own 59.4% and 36.2% 
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is owned by family forest owners and other private owners such as non-profit 
organizations and Native American tribes. Local, State and Federal governments owns 
just 4.4% of Maine’s forests. Private landowners are often concerned with economic 
impact of forest management. Providing accurate information about productivity and 
costs the estimated profit can be calculated more accurately and might help to increase 
the annually harvested area in the future by informing the landowner properly about the 
costs and time involved in the harvesting process. 
 
Existing models 
There are several models and software programs available to estimate and 
analyze harvesting system cost based on machine-level productivity functions and 
hourly machine rates. Several examples of such programs have been developed over 
the last 15 years by the USDA Forest Service. For example, PPHARVST (Fight et al. 
1999) is a model to estimate harvesting costs in Ponderosa pine plantations and 
STHARVEST (Fight et al. 2003) is a model to estimate the cost of harvesting small 
timber.  Unfortunately these programs are no longer supported by the Forest Service 
and  they are based on forest operation studies conducted between 1970 and 1995 in 
the western U.S., Canada, and New Zealand (Hartsough et al. 1998). The equipment 
cost rates used are also outdated.  
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Fuel Reduction Cost Simulator (FRCS) 
A model that is still supported by the Forest Service is FRCS (Fight et al. 2006 - a model 
to simulate costs for various fuel reduction treatments) which also provides a version for 
the Northeast and North-Central regions. The FRCS-North model was updated in March 
2008 (FRCS-North 2008). This version supports 23 states including Maine. The review 
of the references shows that there is only little literature from the Northeast incorporated 
into the model. Huyler and Ledoux (1997) report results from a study in Massachusetts, 
LeDoux (1987) reports from New York while LeDoux and Huyler (1992) and LeDoux and 
Huyler (2000) both report results for the Northeast. Plamondon (1998) would be the next 
closest to Maine with results from eastern Canada followed by three studies conducted 
in West Virginia (LeDoux 1985; LeDoux 1999; LeDoux 2000). Most of the other studies 
cited are from the western USA and western Canada. Some of these studies are 
concerned about cable yarding (Huyler and Ledoux 1997; LeDoux 1985; LeDoux 1987) 
while others are concerned about the tractors (LeDoux and Huyler 1992) or the size of 
group-selection openings (LeDoux 1999). Studies that include feller-bunchers or 
processors have been conducted during the early use of these machines in this region 
and need to be updated due to the technological advancement and improvements to 
operator performance.   
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Planning and Analysis in Timber Harvesting (PATH) 
Bick (2011) developed a spreadsheet-based program called Planning and 
Analysis in Timber Harvesting (PATH) to compare and analyze cost of machines and 
harvesting operations. PATH was developed to compare existing harvesting systems 
with each other and to conduct ”what-if” scenarios with changing variables such as 
productivity. The program and the user’s guide do not indicate any references that have 
been used in terms of productivity and cost functions within the program, however, the 
machine rate information is referenced to the publication of Brinker et al. (2002) which 
has been developed in Alabama.  Developed in 2010, it is the latest tool available for this 
region. 
 
Productivity 
Numerous studies have been conducted over the last 50 years regarding the 
productivity of forest equipment in context with a harvesting method such as whole-tree 
and cut-to-length. Table 1.1 summarizes 28 of these studies in terms of machine type 
and harvest method, geographic location, stand conditions, harvest prescription, stem 
size, and operating conditions. There has not been a single study published in peer-
reviewed literature from Maine during the last 25 years. The studies in Table 1.1 have 
been chosen for their information about the productivity of harvesting equipment used in 
the past 25 years. Some of the studies chosen were conducted close to Maine and 
therefore are more likely to reflect the site and stand conditions common to this region. 
Figure 1.2 shows the origin of these studies on a world map to further highlight regional 
differences that may be present in these studies. 
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Table 1.2 shows a summary of the productivity range from numerous studies. 
Differences in productivity are due to a variety of reasons. Jiroušek et al. (2007) 
conducted their study in a clear-cut with a fairly large stem size (0.1 m3 – 1.0 m3) which 
explains the high productivity, while Légère and Gingras (1998), also working in a clear-
cut, have stand densities ranging from 530-1700 trees per ha, which in combination with 
smaller stem size leads to a smaller productivity of the harvester. Other studies (e.g. 
Glade (1999); Gingras and Favreau (1996)) were conducted in thinning’s, with usually 
smaller stem sizes. This results in harvester productivities in the lower range of Jiroušek 
et al. (2007). Forwarder productivity among these studies is fairly consistent with the 
exception of Jiroušek et al. (2007). This exception is most likely due to the larger piece 
volume of the logs collected by the forwarder as compared to the log size of other 
studies (e.g. Légère and Gingras 1998; Gingras and Favreau 1996; Lanford and Stokes 
1996). 
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Table 1.1: Summary of studies reviewed in regards of machine productivity. 
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Holzleitner et al. (2011)    Austria
Eggers et al. (2010)   South Africa
Purfürst (2010)      Germany
Spinelli et al. (2010)                 Italy
Spinelli and Magagnotti (2010)        Italy
Bolding et al. (2009)        USA, Oregon
Simões et al. (2008)    Brazil
Adebayo (2007)              USA, Idaho
Jiroušek et al. (2007)       Ireland
Nakagawa et al. (2007)       Japan
Spinelli et al. (2007)          Finland, Italy, France
Li et al. (2006)                 USA, West Virgina
Han et al. (2004)               USA, Idaho
Ovaskainen et al. (2004)        Finland
Wang et al. (2004)                 USA, West Virgina
Glade (1999)       Sweden
Kluender et al. (1998)              USA, Arkansas
Légère and Gingras (1998)            Canada, Quebec
Phillips (1997)     Canada, Saskatchewan
Andersson and Evans (1996)           Canada, Alberta
Gingras and Favreau (1996)          Eastern Canada
Holtzscher and Lanford (1996)            USA, Alabama
Lanford and Stokes (1996)           USA, Alabama
Gingras (1994)             Canada, Manitoba
Richardson and Makkonen (1994)         Eastern Canada
Gingras (1989)          Canada, Ontario
Richardson (1989)              Eastern Canada
Gingras (1988)              Eastern Canada
Influential factorsEquipment studied Prescription DBH Slope Initial Stand Density
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Table 1.2: Summary of the productivity results of previous studies.  
 
 
 
 
Author Harvester Forwarder Feller-Buncher Grapple Skidder 
  m³/PMH m³/PMH m³/PMH m³/PMH 
Jiroušek et al. (2007)  13.5 - 60.5 8 - 40 - - 
Li et al. (2006)  9 15 26 12 
Wang et al. (2004)  - - 36 14.5 
Glade (1999)  15.9 - 30.4 - - - 
Lègére and Gingras (1998) 12.9 - 13.7 11.5 - 11.8 21.9 - 25 - 
Phillips (1997)   6.4 - 10.1 6.4 - 10.1 
Andersson and Evans (1996) - - 37.8 - 117.7 29.3 - 78.8 
Gingras and Favreau (1996) 9.7 - 11.4 7.9 - 17.0 25.9 - 27.9 10.7 - 15.6 
Lanford and Stokes (1996)  9 9 21 21 
Gingras (1994) 14.9 15 28 8.7 
Gingras (1989) - - 10.4 - 63.2 - 
Richardson (1989) 4.9 - 13.1 - - - 
Gingras (1988) - - 31 - 32 - 
          
Conversions used:         
1 cord = 85 cubic feet of solid wood      
1 cubic feet = 0.028316 m³   1 m³ = 35.3146 cubic feet   
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Figure 1.2: World map with distribution of publications associated with site and stand conditions.  
Map source: http://www.vectorworldmap.com/vectormaps/vector-world-map-v2.2.jpg. Accessed December 26, 2011. 
 16 
 
 
Similar differences can be seen for feller bunchers. Andersson and Evans (1996) 
report by far the highest productivity among the selected studies. The stem size in this 
particular study is fairly large with average dbh of 22 cm – 36 cm, in a 100 to 130 year 
old aspen stand. Phillips (1997) operates in old-growth softwood stands with average 
stem volumes of 0.1 m3 – 0.5 m3, which represents a by far smaller average DBH. The 
productivity of other studies seems to be in about the same range around 20 – 30 
m3/PMH (e.g. Légère and Gingras (1998); Lanford and Stokes (1996); Gingras (1988)). 
Grapple skidder productivity seems to be around 10-15 m3/PMH (e.g. Wang et al. 
(2004); Gingras and Favreau (1996)). Extreme values in productivity such as Andersson 
and Evans (1996) can be explained by the large stem size harvested and skidded in 
their study. The low productivity of Phillips (1997) on the contrary, can be explained by 
the fairly small stem size harvested. 
A variety of factors can influence the productivity of harvesting equipment, as can 
be seen in the previous paragraphs. The following sections summarize the variety of 
stand and site conditions from previous studies and compare them to Maine’s forests. 
The key variables in terms of site and stand conditions are: species composition, stand 
density, slope and stem size. These variables are different within previously published 
research studies and therefore make their application to this region rather difficult. 
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Species composition 
Species is a very influential factor on productivity. Different species have different 
growth rates and attributes, such as branch thickness. Of the reviewed studies (Table 
1.1), only a few are concerned about tree species common to this region including 
Gingras and Favreau (1996) and Gingras (1988). Related to species composition is 
regeneration strategy – plantation or natural. Several of the more recent studies have 
been conducted in softwood plantations focusing on Norway spruce (Picea abies) 
(Spinelli and Magagnotti 2010; Spinelli et al. 2007), Japanese larch (Larix kaempferi) 
(Nakagawa et al. 2007), Scots pine (Pinus sylvestris), white birch (Betula pubescens), 
European hornbeam (Carpinus betulus), English oak (Quercus robur), basswood (Tilia 
sp.) (Spinelli et al. 2007), patula pine (Pinus patula) ,and slash pine (Pinus elliottii) 
(Eggers et al. 2010). With the exception of Norway spruce, the tree species studied are 
exclusive to each study. Tree species common to this region such as balsam fir (Abies 
balsamea) and red spruce (Picea rubens), however, are not studied in any of these 
studies and therefore the user of their results has to be aware of the differences in 
species composition. 
Several operations studies focused on natural stand conditions.  For example, 
Shortleaf pine (Pinus echinata) and loblolly pine (Pinus taeda) were part of the study by 
Kluender et al. (1997), while Li et al. (2006) studied sugar maple (Acer saccharum), 
American basswood (Tilia americana), sweet birch (Betula lenta), black cherry (Prunus 
serotina), yellow poplar (Liriodendron tulipifera) and red maple (Acer rubrum). Scots pine 
(Pinus sylvestris) was the focus of Ovaskainen et al. (2004). Results of these studies 
have to be examined carefully, even though some of the species are common to this 
region. 
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Stem size  
With a variety of species also comes a variety of stem sizes in diameter and 
volume, as well as a variety in stand densities.  Stem size (diameter and volume) 
reported in previous studies varies a lot and ranges from 1 in. (2.5 cm) to 16 in. (40.6 
cm) in diameter (Table 1.3 a), and from 1.1 ft3 (0.03 m3) to 45.6 ft3 (1.3 m3) in volume 
(Table 1.3 b). Reasons for the difference in stem size might be the age of stands, as well 
as the species composition (e.g. Spinelli and Magagnotti (2010); Nakagawa et al. 
(2007)). Figure 1.3 shows the range of stem diameter studied in previous studies. What 
can be seen is the variation in the range of diameters, which seems to be greater in 
studies from the 1990’s compared to more recent studies. The diameter range of interest 
in this region, due to a large number of forestland in that diameter range, is from 4 in. 
(10.1 cm) to 13 in. (33.0 cm). Only a limited number of studies actually covers this 
particular diameter range (Han et al. 2004; Wang et al. 2004; Holtzscher and Lanford 
1997; Gingras 1988), while others only cover portions of this range (e.g. Spinelli and 
Magagnotti 2010; Spinelli et al. 2007; Ovaskainen et al. 2004).  
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Table 1.3: Stem size summary of past studies. a) shows studies in regards of dbh and 
stand density and b) in regards of tree volume and density. 
a) 
Author dbh stand density 
  [inches] [trees per acre] 
Eggers et al. (2010) 11.7 - 12.8 N/A 
Spinelli and Magagnotti (2010) 7.2 420 - 459 
Nakagawa et al. (2007) 6.3 - 9.8 195 
Spinelli et al. (2007) 2.6 - 4 759 - 1,578 
Li et al. (2006) 5.2 - 8.3 290 - 531 
Han et al. (2004) 1 - 15 136 - 1,130 
Ovaskainen et al. (2004) 5 - 5.2 433 - 498 
Wang et al. (2004) 7 - 31 196 - 260 
Glade (1999) 12.6 - 15 73 - 93 
Kluender et al. (1998) 10.4 - 16 127 - 881 
Légère and Gingras (1998) > 3.9 214 - 688 
Andersson and Evans (1996) 8.7 - 14.2 53 - 219 
Holtzscher and Lanford (1996) 4 - 11 N/A 
Gingras (1988) 4.9 - 11.9 97 - 1210 
      
Conversions used:     
1 cm = 0.3937 inches 1 in. = 2.54 cm   
1 ha = 2.471 acres     
 
b) 
Author tree volume stand density 
  [cubic feet] [trees per acre] 
Phillips (1997) 4.9 - 14.5 164 - 402 
Gingras and Favreau (1996) 3.9 - 4.9 445 - 506 
Gingras (1994) 6.4 - 20.1 202 - 405 
Gingras (1989) 1.4 - 10.6 125 - 1032 
Richardson (1989) 1.1 - 45.6 769 - 1335 
      
Conversions used:     
1 m³ = 35.3146 cubic feet 1 in. = 2.54 cm   
1 ha = 2.471 acres     
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Figure 1.3: Range of dbh in past studies. 
 
Stand density 
Stand density, which is often related to stem size, can also influence the 
productivity of harvesting equipment. Several studies in the past were conducted in 
stand densities of less than 500 trees per acre (1,250 trees per ha) (e.g. Spinelli and 
Magagnotti 2010; Nakagawa et al. 2007; Glade 1999; Andersson and Evans 1996; 
Gingras 1994). The relation between stand density and average stem size can be seen 
in Table 1.3a and 1.3b. In most cases, the lower the stand density, the higher the 
average stem size. This shows that a lot of information has been produced in medium 
stem size and low density stands. What is missing for this region, however, is 
information regarding small stem size and high density stands. Stand densities 
encountered in this region easily range from 406 to 1038 trees per acre (1015 to 2596 
trees per ha) and up to 1925 trees per acre (4812 trees per ha) (Hiesl and Benjamin 
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2013; Hiesl and Benjamin 2012a). Only a few of the more recent studies are conducted 
in such stand densities (e.g. Spinelli et al. 2007), while there was more of this research 
conducted in the late 1980’s (e.g. Gingras 1989; Gingras 1988).  
 
 
Figure 1.4: Range of stand densities in past studies. 
 
Slopes 
Another important factor that influences the productivity of harvesting equipment is the 
slope on which the operation takes place. It can significantly limit the accessibility of a 
stand.  Further, slope affects the moving time within the stand (Spinelli et al. 2010) and 
thus the productivity of harvesting equipment. A wide range of slopes has been studied 
in the past, ranging from even ground to slopes of 45% (Figure 1.5). The range of slopes 
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studied was greater in the late 1980’s and 1990’s as it has been in recent years (e.g. 
Gingras 1994; Gingras 1988). Slopes up to 14%, and in one case 17% to 35%, have 
been encountered by Hiesl and Benjamin (2013) (Chapter 3) and Hiesl and Benjamin 
(2012) (Chapter 2) during the data collection in Maine in the summer of 2012. 
 
 
Figure 1.5: Summary of slope gradients of past studies. 
 
Season and Climate 
Another fact to look at is the time of the year data was collected and the climate 
conditions at that point. Poršinsky et al. (2011) reported that the moving time of the 
forwarder is slowed down by reduced soil bearing capacity and therefore the productivity 
decreases. This means that the time of harvest is important to know in order to compare 
studies properly. Simões et al. (2008) collected their data during hot and sunny climate 
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conditions whereas Glade (1999) collected his data during mostly cloudy weather with 
some snowfall. The soil bearing capacities of the studied sites are similar because of the 
hot and sunny climate which dries the soil and for the study of Glade (1999) because of 
probably frozen ground conditions. Studies taken during a long period of rain or after 
mud season can’t be compared properly to these studies to the effect that the soil 
bearing capacity has on the productivity of harvesting equipment.   
 
Prescription 
This section will focus on the silvicultural prescriptions that have been studied or 
have been part of previous studies. The most common prescriptions can be grouped into 
clear-cuts, thinning and partial and shelterwood cuts. A variety of authors reported that 
their studies were conducted on clear-cuts (Jiroušek et al. 2007; Spinelli et al. 2007; Y. 
Li et al. 2006; Wang et al. 2004; Kluender et al. 1997; Gingras and Favreau 1996; 
Richardson and I. Makkonen 1994), but some of them also included other prescriptions 
in their studies (Spinelli et al. 2007; Y. Li et al. 2006; Wang et al. 2004; Kluender et al. 
1997). Shelterwood cut has been reported by Glade (1999) as the only prescription 
studied. Most other studies that reported shelterwood or partial cut, however, also 
reported other prescriptions (Y. Li et al. 2006; Wang et al. 2004). 
Differences within silvicultural prescriptions are more obvious within thinning 
treatments. Spinelli and Magagnotti (2010) report a thinning in Norway spruce 
plantations in the Italian Alps were about 50% of the initial tree number was to be 
removed. Compared to a thinning with a 20% removal (Nakagawa et al. 2007) this is a 
high intensity entry. Besides the report of how many trees were removed there are also 
reports of the basal area percentage that was sought to be removed. Li et al. (2006) 
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conducted a simulation on various prescriptions and had the highest basal are removal 
of 80% in their shelterwood cut and their crop tree release cut. Lower values of 35% and 
40% basal area removal in thinning’s have been reported by Bolding et al. (2009) and 
Ovaskainen et al. (2004). Holtzscher and Lanford (1997) report that they used a fifth row 
pattern in their study where 20% of the stand is clear-cut and the remainder is thinned. 
This approach, or at least this detailed description, has only been found in this particular 
study among all the literature cited in this study.  
Table 1.4 shows a summary of silvicultural prescriptions and authors who carried 
out these prescriptions in their studies. Thinning takes place in 37% of the studies as 
can be seen in Figure 1.6. Another 31% of the studies report clear-cut results whereas 
only 19% and 13% of the carried out studies report results based on partial and 
shelterwood cuts as well as selective cuts, respectively. The number of prescriptions 
studied might be appropriate for the regions and countries they were conducted, 
however, according to Maine Forest Service (2012) 55% of the area harvested in 2010 
was partially harvested and 40% were shelterwood cuts. This totals 95% of the total area 
harvested and therefore stands in contrast to the 19% of studies that reported results 
based on these prescription types. The Maine Forest Service (2012) further reports that 
only 5% of the harvested area was clear-cut. These numbers are reason to consider 
prescriptions that are appropriate for the state of Maine to represent the day to day 
business. 
Kluender et al. (1997) report that the productivity of a harvesting operation is 
determined by several factors including the harvesting prescription and the harvesting 
equipment used. The significance of the harvesting equipment has been confirmed by Li 
et al. (2006) and Wang and LeDoux (2003), who both found the stand and harvesting 
method, and therefore the harvesting equipment, as significant factors influencing the 
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productivity. In contrast Li et al. (2006) reported that there is no significant difference in 
harvesting time among different prescriptions. This conclusion would lead to the result 
that there is no difference in the productivity among different prescriptions, with all other 
factors being constant (e.g. stem size, slope).  
 
Figure 1.6: Distribution of silvicultural prescriptions in past studies. 
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Table 1.4: Silvicultural prescriptions of past studies. 
clear-cut thinning partial & shelterwood cut selective cut*
Spinelli et al. (2007) Spinelli and Magagnotti (2010) Li et al. (2006) Li et al. (2006)
Li et al. (2006) Bolding et al. (2009) Wang et al. (2004) Kluender et al. (1998) 
Wang et al. (2004) Spinelli et al. (2007) Glade (1999) 
Kluender et al. (1998) Nakagawa et al. (2007) 
Légère and Gingras (1998) Ovaskainen et al. (2004)
Holtzscher and Lanford (1997) Holtzscher and Lanford (1997) 
Andersson and Evans (1996)
Gingras and Favreau (1996)
Richardson and Makkonnen (1994)
* selective cut includes group selection, single tree selection and diameter limit cut.
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Results of previous studies 
Influence of stem size on machine productivity 
Many published studies report that stem size (diameter and volume) significantly 
impacts the productivity of harvesting equipment. Lanford and Stokes (1996) report, that 
the average dbh and basal area per accumulation significantly influences the felling and 
bunching time per tree, which influences the productivity. Kluender et al. (1997) report 
dbh as one of the key variables in describing the cycle time and productivity. Li et al. 
(2006) found out that the felling productivity increases with increasing tree size and 
decreases with the distance between harvested trees, which is also a variable 
mentioned by Kluender et al. (1997). The significant effect of stem size on productivity 
has been reported before by Ovaskainen et al. (2004) and Wang et al. (2004). Many 
studies confirm that the average tree size is the most significant factor affecting 
productivity (Jiroušek et al. 2007; Spinelli et al. 2007; Gingras and Favreau 1996; 
Richardson and I. Makkonen 1994). Nakagawa et al. (2007) report that the piece volume 
increases with increasing dbh and therefore the productivity increases as well. This 
further confirms the results of the before mentioned studies (Ovaskainen et al. 2004; 
Wang et al. 2004; Kluender et al. 1997; Lanford and Stokes 1996; Andersson and Evans 
1996; Gingras 1994; Gingras 1988).   
Li et al. (2006) further report that the processor was more sensitive to the tree 
size than the feller-buncher. This might be due to the effect of branch diameter on the 
delimbing speed of processors as reported by Glade (1999). Nakagawa et al. (2007) 
found out that only the delimbing time of a processor was affected by the dbh of the 
harvested trees. This further confirms the results of Li et al. (2006). Simões et al. (2008) 
report that 52.3% of the cycle time of a processor is taken by the processing part which 
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includes the delimbing (Figure 1.7).  Wang et al. (2004) found out that the total feller-
buncher felling time was most affected by the ground travel distance between harvested 
trees. This reflects the results of Li et al. (2006) and Kluender et al. (1997). 
 
Primary Transportation 
Kluender et al. (1997) report that the number of stems hauled, and harvest 
intensity are important for calculating cycle times for skidder. They further report that the 
dbh needs to be added into the calculation to predict the productivity. Li et al. (2006) 
report that the extraction cycle time differs significantly among machines and extraction 
distance. They also found out that the extraction productivity increases with the payload 
size and decreases with the average extraction distance. This confirms the results of 
Kluender et al. (1997), that number of stems (payload) is a significant factor in 
calculating productivity. As reported by Nurminen et al. (2006) timber volume at the 
loading stop explains nearly 60% of the variation in time consumption. Loading stop is 
each point where a forwarder stops to load additional logs onto the bunk. Lanford and 
Stokes (1996) report that the skidding speed differs between an empty and loaded 
skidder. For a forwarder, Jiroušek et al. (2007) and Li et al. (2006) report that 
productivity is mainly affected by hauling distance and machine payload. Lanford and 
Stokes (1996) found that load size did not affect travel time so there is no difference in 
traveling empty or traveling loaded.  
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Operator as an influential factor of productivity 
Various studies have been conducted regarding the operator effect. Several 
studies are concerned about the effect of harvester operators on productivity, while 
others show the general aspects of this effect and its definition as well as its statistical 
analysis. As Spinelli et al. (2007) reported, the productivity of logging equipment 
depends on the skills of the operator. 
Operator effect on machine productivity 
Ovaskainen et al. (2004) found that the operator has a larger effect on 
productivity than the stand structure. They believe that the differences in the operators 
productivity originates from the used cutting techniques, motoric skills, planning of work, 
experience, felling order of removable trees, decision processes at the working location, 
machine properties and the surrounding environment. They identified terrain as an 
important factor in operator performance and they chose operators for their study from 
different logging companies with similar experience in on-board computer systems. The 
comparability of the operators was good due to the fact that harvesting conditions (such 
as terrain, stand and tree characteristics and weather conditions) were similar during the 
study. Ovaskainen et al. (2004)  found out that the work technique is only one influential 
factor of the productivity of a processor and that “the operator’s capability to plan and 
apply his motoric skills is emphasized in different situations”. Further they reported that 
the productivity levels between processor operators vary significantly, by up to 40% in 
similar stands. This number coincides with the results of Kärhä et al. (2004) who report a 
difference between operators using the same machine as great as 40%. Compared to 
the several years of experience of the operators in Ovaskainen et al. (2004) study, the 
operators in Kärhä et al. (2004) study had at least three years’ experience in thinning 
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work. Lindroos (2010) observed 12 experienced workers working with two firewood 
splitting systems. Results show that the operator has a great influence on productivity. 
The study of Nurminen et al. (2006) used operators for processors and forwarders with 
average experience of 14 years which is above the experience level mentioned by Kärhä 
et al. (2004). 
 
Operator effect on time consumption 
Lindroos (2008) investigated the differences between operators due to their 
effect on time consumption. The result of his study is that there were no significant 
interactions between operator and machine or wood class. He also points out that it has 
been argued that operators perform above their normal level when studied especially in 
the first days. This statement can be traced back to O. Makkonen (1954) whose data 
showed short working cycle times on the first day of the study that were never met again 
during the time of the study. He explains the short working times with the need of the 
observed worker to show his abilities and therefore work at a faster pace. He further 
explains that very low working cycle times are the results of the worries of the observed 
worker that the work study will be used to cut the wage rate and therefore the observed 
worker works at a slower pace. O. Makkonen (1954) mentions that these situations are 
usually not lasting much longer than the first day and that afterwards the workers return 
to their normal speed. To account for the influence of the observer in his study, he 
disregarded the first day of time study completely.  
The importance of experienced operators in studies following the approach of 
Brown et al. (2011) and Lindroos (2010) can be seen in the study of Purfürst (2010). He 
reports that the difference between less trained and well-experienced harvester 
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operators can be very high. He also reports that the definition of the experience level of 
an operator is often described as a number of productive machine hours (PMH) and 
differs between 1,000 and 1,500 PMH. It can also be described as a time span between 
8 and 12 months. Even when using less experienced operators the non-productive time 
won’t be significantly affected. This is a result of Purfürst (2010) who couldn’t find any 
significant correlation between the performance level of the operator and non-productive 
time such as repair time, but acknowledges that motivation and physical condition can 
affect changes in the operator performance over time.  
 
Statistical analysis of the operator effect 
Lindroos (2010) reports that treating the operator as a component of the random 
error is not appropriate due to the normally large operator effect and the small number of 
operators usually examined in forestry time studies. He points out that the study, as well 
as others, “…shows that it is possible to predict productivity for a population of 
operators, but with large variation between individual operators”. The variation between 
individual operators has been reported by Kärhä et al. (2004) and Ovaskainen et al. 
(2004). Lindroos (2010) found a large variation in productivity among the “… operators, 
despite their homogeneity in demographic variables and work experience”. He suggests 
leaving the individual level assumptions behind and start analyzing data on a population 
level. This approach has also been described by Brown et al. (2011) who reported that 
the operator effect can be reduced by conducting trials of multiple operators and 
machines or combining study results to create generalized productivity models. Using a 
large number of experienced operators for their study has been carried out by Purfürst 
and Lindroos (2011) and Spinelli et al. (2010).  
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Spinelli et al. (2010) data consists of 19 different professional operators, 
generally experienced and proficient. They did not attempt to normalize individual 
performance, recognizing that all kinds of normalization or correction can introduce new 
sources of errors as outlined by Gullberg (1995). Gullberg (1995) evaluated the 
operator-machine interaction using an approach of introducing a new variable 
“Adaptation”. In this study the approach worked well but Gullberg’s conclusion is that this 
approach needs to be tested further. He also reports that “all kinds of normalization or 
corrections are connected with an introduction of new error sources and uncontrolled 
variation in the data material. Therefore, the total effect on the unexplained variation 
must be significant to justify the action”. This, once more suggests using the approach of 
Brown et al. (2011) and Lindroos (2010) to leave the analysis of individual performance 
and analyze data on the population level by using larger amounts of operators used in 
studies.  
 
Study Designs/Data collection 
This section will review study designs of previous studies and will point out the 
differences of them as well as similarities to this study (Table 1.5). The study carried out 
by Eggers et al. (2010) identified an area with a wide distribution of diameter, height and 
form for their study. Within the area they selected trees and marked them with numbers. 
Each numbered tree had dbh and height measured using a measuring tape and a vertex 
hypsometer. They further sprayed an identification number on the base of each felled 
tree. Glade (1999) used a similar approach in measuring dbh and marking all trees in the 
treatment unit. A similar approach will be used in this thesis’s study to collect data about 
dbh and species of the harvested trees. 
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Table 1.5: Comparison of the variety of data collection methods used in previous 
studies. 
Video on-board computer 
    
Lanford and Stokes (1996)  Lanford and Stokes (1996)  
Nurminen et al. (2006) Nurminen et al. (2006) 
  Purfürst (2010) 
    
    
    
ground based simulation 
    
Glade (1999) Wang and LeDoux (2003) 
Ovaskainen et al. (2004)  Li et al. (2006) 
Purfürst (2010)   
 
Björheden (1991) reports that “time study is one of the most common practices of 
work measurement” and that is used worldwide to determine the input of time in the 
production process. He further describes four goals of time studies: (1) Improvement of 
work organization and planning, (2) control and follow-up of operations, (3) improvement 
and comparison of working methods, tools and machinery, (4) to create data for 
performance and cost calculations. Björheden (1991) also laid out the general definitions 
for time studies: work task, work element, work cycle, work object and work piece in 
context with comparing studies internationally. 
There is a variety of data collection techniques reported in all the studies. Glade 
(1999) used the time study software SIWORK3 and a Husky Hunter computer to collect 
time study data while Ovaskainen et al. (2004) used a stop-watch design to gather cycle 
time data. Purfürst (2010) used cycle time data collected by field crews to evaluate data 
collected through on-board computers. Lanford and Stokes (1996) used video cameras 
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to record cycle times, terrain and work conditions. Bolding et al. (2009) videotaped 10 
hours of feller-buncher activity to analyze the performance. A video camera approach 
was also used by Nurminen et al. (2006). Coup (2009) used two video cameras, one in 
the cab and one outside, to record machine movements. Using the harvest videos and 
the time study software UMTPlus (Laubrass Inc.) he conducted a post-harvest time 
study. 
Many studies used further information from the on-board computers of the 
harvesting equipment. Lanford and Stokes (1996), for example, used the processor on-
board computer to record productive time and number of trees. Purfürst (2010) used the 
on-board data logging systems of the processor and validated the data with additional 
information from time studies on site. Nurminen et al. (2006) extracted stem files from 
the machines either as printed versions or saved on diskette and associated the data 
with the recorded video. The reason for using the stem files was that Nurminen et al. 
(2006) saw the exploitation of the stem files as more efficient and accurate than 
performing pre-harvest measurements of the sample trees. Eggers et al. (2010) reported 
that there is no significant difference between manual and machine measurements. A 
recent study of Brown et al. (2011) reports that the productivity calculated using on-
board computer data of a processor does not significantly differ from calculations based 
on time and motion studies, this confirms the results of Eggers et al. (2010).  
Another way to analyze productivity is shown by Li et al. (2006) who performed a 
felling simulation on a 1-acre plot which was replicated 36 times. This approach has 
been used before by Wang and LeDoux (2003) who published similar results in terms of 
the most productive system. Spinelli et al. (2010) produced a general productivity model 
for harvesters and processors in Italy using more than 15,000 individual time study 
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records from previous studies between 1998 and 2008 conducted by the same principal 
investigator. 
 
Data Analysis  
Data analysis is an important part in all studies. Several methods have been 
used by previous studies to analyze the productivity of harvesting equipment. Some 
differences in the analysis can be seen between Lanford and Stokes (1996) and Spinelli 
et al. (2010), who used least-squares regression to analyze their data, and Li et al. 
(2006), who used a three-factor analysis of variance (ANOVA) to analyze their data 
using a general linear model. Both ways are legitimate and were appropriate for the data 
they analyzed. As outlined by Bolding et al. (2009) transformation of the data might be 
necessary in order to receive normally distributed residuals with constant variance. 
Lanford and Stokes (1996) found out that a quadratic dbh term is not significant in 
explaining the cycle time. Spinelli et al. (2010) confirm these results by not using any 
quadratic terms in their analysis.  
 
Model Validation 
Howard (1992) elaborates that researcher often ignore model validation or at 
least do not present validation procedures in publications. Documentation of model 
validation is important and according to Howard (1992) “… the utility of production 
equations … is questionable when they are published without documented validation 
…”. He introduces a method for validating productivity models using shift-level 
production data. He reports that collecting time study data from the same study sites 
after establishing the model to validate the model would be the best method to use but is 
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often too time consuming or too expensive. The use of shift-level data is easier because 
in most case the data is already available from previous harvest within the company.  
Adebayo et al. (2007) validate their model using 70% of the collected data to 
develop their model and 30% to compare to the predicted values. This approach is close 
to the one described by Howard (1992). Adebayo et al. (2007) tested for 95% 
significance and correlated the predicted values to the measured values to produce the 
validated r2. They used a two-sample t-test to test for the difference between the 
predicted values and the observed average cycle time. Spinelli et al. (2010) described 
their validation process in detail in conjunction with Howard (1992) and Adebayo et al. 
(2007). Their result is that there is no significant difference between the predicted and 
real values and therefore their model is accepted as valid. Spinelli et al. (2010) further 
compared their model to already existing models from Sweden, Finland and Germany to 
show the differences of these models to their model and therefore underline the 
necessity of their study to develop a model for Italy. 
 
Result Presentation 
As outlined by Brown et al. (2011) “… presenting results in a way that industry 
can readily make use of is as important as ensuring quality and relevant research”. This 
means that not only the analysis and the model validation are important parts of a study 
but also the presentation of results in a form that can be used in the field that got 
studied. Brown et al. (2011) show a benchmark curve for a feller-buncher with +/- 10% 
curves usable with estimates of the average tree size in cubic meters (Figure 1.7). 
According to Brown et al. (2011) this approach is highly welcomed by the industry and 
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benchmark curves of other machines have been requested. This seems to be one way 
to communicate study results directly to the industry. 
 
 
Figure 1.7: Benchmark curve for a feller-buncher (re-drawn from Brown et al. (2011)). 
 
Brown et al. (2011) report that the CRC is convinced that working with the 
industry to present research results in industry-ready and usable tools increased the 
uptake of their results. They support their statement by documented usage and positive 
feedback from their industry partners.   
Examples of results presented in a form that can be easily used by the industry 
are Spinelli et al. (2010) and Adebayo et al. (2007). Spinelli et al. (2010) use a figure 
with tree volume on the x-axis and production in cubic meter per SMH on the y-axis 
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including three curves for the three most common harvesting cases in Italy (Figure 1.8). 
Adebayo et al. (2007) present the dbh on the x-axis and the productivity in cubic feet per 
PMH on the y-axis with three curves for harvester, feller-buncher with bar-saw and feller-
buncher with disc saw (Figure 1.9). 
 
 
Figure 1.8: Production curve for three common harvesting methods in Italy based on tree 
volume (re-drawn from Spinelli et al. (2010)). 
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Figure 1.9: Production curves for three harvesting machines based on dbh (re-drawn 
from Adebayo et al. (2007)). 
 
Rationale and Justification  
The reviewed literature shows a great variety in site conditions, species mixture 
and harvesting prescription. The results of all these studies have to be used with caution 
in Maine due to the great variance in tree diameters and site conditions such as slope 
and tree species. Knowing that the results of these studies were not conducted in stands 
and sites typical to Maine there is a need of doing research on harvesting equipment 
(feller-buncher, processor, grapple skidder, forwarder, stroke delimber) for this region. 
Data collection on various sites throughout the state is necessary in order to get 
information for most site conditions and species mixtures.  
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The results of this study will improve the management decisions on harvesting 
operations by providing productivity for two harvesting methods (whole-tree and cut-to-
length) with the two harvesting systems common for these methods (feller-buncher, 
grapple skidder and stroke delimber; processor and forwarder). The numbers can be 
applied to the specific stand conditions and decisions can be made based on the costs 
and/or time consumption for each system. The results can also be used to benchmark 
ongoing and past harvest operations and to identify areas of improvement of current 
settings. Profits can be increased by applying improvements to harvest operations based 
on the productivity information provided in this study.  
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CHAPTER TWO:  
A MULTI-STEM FELLER-BUNCHER CYCLE TIME MODEL  
IN PARTIAL HARVESTS IN SMALL DIAMETER WOOD STANDS 
 
Abstract 
Due to the increased partial harvest of small diameter stems and the lack of 
feller-buncher time consumption information in Maine, it was necessary to develop new 
cycle time equations. Data were collected from seven different sites in Maine with six 
different operators to capture the variability in site and stand conditions as well as 
operator experience and proficiency. The results show that over 55% of the trees 
harvested are cut in accumulations of two or more trees. Significant variables in the final 
model include sum of dbh and stem count per accumulation. An approach to develop a 
list of accumulations with the required variables is described based on a tree list with 
dbh classes. Using operator as a random effect in the model resulted in an adjusted R2-
value of 0.40 for fixed and random effects. The operator effect explains 32% of the 
variance caused by random effects. The results of this study can be incorporated into 
existing harvest cost prediction programs to improve estimates for this region. 
 
Introduction 
Due in part to regenerating clearcuts from the spruce budworm era in the 1970s 
and 1980s, forest operations managers in Maine must manage an increasing 
percentage of small diameter stands (dbh<30 cm). With whole-tree as the dominant 
harvesting method in Maine (Leon and Benjamin 2012) and approx. 11 million acres of 
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forest land smaller than 30 cm in dbh (McCaskill et al. 2011) it is important to know the 
machine productivity of such harvesting systems.  The effective management of any 
forest operation requires accurate estimates of harvest costs and productivity, although 
the monitoring of these variables can be difficult (Holzleitner et al. 2011; Wang et al. 
2004). This paper focuses on feller-buncher cycle time equations in partial harvests as 
part of a larger productivity study of whole-tree and cut-to-length systems. 
The forest industry has access to existing software to calculate harvest costs and 
productivity  (Fight et al. 2006; Fight et al. 2003), but none of these models uses 
machine productivity data from Maine. A literature review conducted by the authors 
resulted in no productivity information for Maine within the last 25 years. Feller-buncher 
data from eastern Canada is mostly from the 1980s and 1990s (Légère and Gingras 
1998; Gingras and Favreau 1996; Gingras 1994; Gingras 1989; Gingras 1988) while the 
more recent publications are from the western US (Bolding et al. 2009; Adebayo et al. 
2007; Han et al. 2004).  
Many recent studies are concerned about the operator effect, especially in 
harvester productivity (Purfürst and Erler 2011; Purfürst and Lindroos 2011; Lindroos 
2010), however, none of these studies are concerned about the operator effect in feller-
buncher productivity or time consumption. During the literature review for this study no 
information could be found about the influence of the operator on feller-buncher 
productivity or time consumption. One part of this study was to show the influence of the 
combination of operator, machine, and site conditions on the time consumption of feller-
buncher in small diameter wood stands. 
 Existing productivity data for feller-bunchers need to be used carefully due to 
regional differences in site conditions, species composition , and range of stem size 
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(Bolding et al. 2009; Adebayo et al. 2007; Spinelli et al. 2007; Y. Li et al. 2006; Phillips 
1997; Andersson and Evans 1996).  Observations of harvesting operations in this region 
revealed that single stem models, such as those developed by Adebayo et al. (2007), Li 
et al. (2006) and Wang et al. (2004) do not apply to the harvesting practices used. Due 
to the small stem size, multiple trees are cut in one feller-buncher head accumulation but 
only few of the existing models account for that (Bolding et al. 2009; Spinelli et al. 2002). 
With increasing small diameter wood harvests in this region and across the United 
States, it is necessary to conduct a productivity study in such wood in order to update 
harvest cost models. The objective of this study was to develop a cycle time function for 
swing-to-tree feller-bunchers operating in small diameter wood stands. The model 
considers the harvesting conditions and management practices in this region and also 
considers operator proficiency.  
 
Materials and Methods 
Data were collected from seven different harvesting sites throughout Maine from 
May until August 2012. Site conditions ranged from 1015 to over 2500 trees per ha, 
basal area of 25 to 54 m2/ha, and slopes of 2% to 14% (Table 2.1). All sites were 
partially harvested, with light to heavy removal intensities. Five sites were classified as 
mixed wood with 40% to 80% hardwood (Fagus grandifolia Ehrh., Acer rubrum L., Betula 
alleghaniensis Britt., Betula papyrifera Marsh. and Populus tremuloides Michx.) and 20% 
to 60% softwood (Abies balsamea (L.) P.Mill., Picea rubens Sarg., Tsuga Canadensis 
(L.) Carr. and Thuja occidentalis L.), while two site were classified as hardwood stands 
with 90% to 100% hardwood and 0% to 10% softwood. Individual contractors and land 
managers, willing to participate in this study, gave permission to observe and measure 
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productivity of active harvesting operations. The sites represent harvesting conditions 
common to this region in regard to species composition, ground conditions, and 
silvicultural prescription. The equipment used is common to this region and ranged in 
age from one year to five years. All the operators in this study were experienced in the 
broad field of forest operations and had experience with feller-bunchers ranging from 
one year to 15 years. 
A study area from each site was flagged for harvest to ensure a minimum sample 
of 65 bunches per area.  This resulted in a range of between 0.4 ha and 1.2 ha in study 
area that was flagged for harvest. All trees in each study area were painted in four 
different colors (blue, green, orange, yellow) based on 5.1 cm dbh classes (Hiesl and 
Benjamin 2012b; Eggers et al. 2010; Glade 1999). The original study was designed and 
implemented using 2-inch dbh classes, so all units in this paper have been converted to 
metric. Trees larger than 50.8 cm had the dbh painted as a number on the bole. All four 
colors were used two times, in the same order, as shown in Table 2.2. Horizontal line 
samples were established to determine initial tree density and basal area (Husch et al. 
1982; Beers and C.I. Miller 1976; Strand 1958).  
Data collected within each sample area included time to harvest each individual 
tree as well as the cycle time for each feller-buncher head accumulation. In this paper 
we refer to the group of feller-buncher head accumulations for grapple skidder transport 
as bunch. Diameter class and species were also recorded. A work cycle began and 
ended with empty accumulators and included the time to fell, accumulate, and place an 
accumulation in a bunch. During the data collection process the machine operator and 
the researcher were communicating via a two-way radio with headset. Each time the 
operator moved to cut a new tree he would tell the researcher the appropriate color, 
species and the size (“small” or “large” based on each color class). Data were entered 
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into a Palm Tungsten E2 with the time study software UMT Plus (Laubrass, Inc.). Tree 
height was estimated using a linear regression model based on six sample trees per 
species and site. Total tree volume, including branches, was calculated using Honer’s 
equations (Honer 1967) in combination with the estimated tree height. 
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Table 2.1: Site and equipment information for seven harvest sites. 
Density Basal Area Slope Basal Area DBH Removed Power Work Operator Productivity Bunch Size 
(trees ha-1) (m2 ha-1)  Removed (cm) (hp) Hours Experience 
a (m3 PMH-1) b (m3) 
1756 26.8 3% 67% 10 - 48 241 8800 7 years 42 3.3 
1015 32.8 11% - 14% 48% 10 - 43 167 10000 13 years 22.8 2 
2536 29.4 3% 76% 10 - 38 241 8800 15 years 31.2 2.5 
2104 54.6 5% - 7% 15% 10 - 53 300 196 8 years 62.3 8.6 
1934 27.3 7% 66% 10 - 63 284 11800 4 years 48.9 3.5 
1469 34.4 2% 54% 10 - 58 241 9000 7 years 66.1 2.9 
1062 25 7% - 12% 33% 10 - 58 228 10000 1 year 59.2 3.3 
a Operator experience in feller-buncher. 
b Productive Machine Hours including breaks less than 15 minutes. 
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Table 2.2: DBH class and color codes used during the time and motion study with 
English measurements (inch) in parentheses. 
DBH Class DBH Range Color 
cm cm  
12.7 (5) 10.2 - 15.0 (4.0 - 5.9)  blue 
17.8 (7) 15.1 - 20.1 (6.0 - 7.9)  green 
22.9 (9) 20.2 - 25.2 (8.0 - 9.9)  orange 
28.0 (11) 25.3 - 30.2 (10.0 - 11.9)  yellow 
33.0 (13) 30.3 - 35.3 (12.0 - 13.9)  blue 
38.1 (15) 35.4 - 40.4 (14.0 - 15.9)  green 
43.2 (17) 40.5 - 45.5 (16.0 - 17.9)  orange 
48.3 (19) 45.6 - 50.7 (18.0 - 19.9)  yellow 
>50.8 (20) DBH painted on bole 
 
 
Results 
Data were analyzed using R (R Core Team 2012) and the car (Fox and Weisberg 
2011) and nlme (Pinheiro et al. 2012) packages. Data were aggregated by the individual 
accumulation which created three new accumulation-level variables (i.e., stem count, 
sum of dbh and average dbh). The dataset includes a stem count of five or less trees per 
accumulation, a sum of dbh of less than or equal to 88.9 cm and an average dbh of less 
than or equal to 48.3 cm. As shown in figure 2.1, over 40 percent of the accumulations 
consist of only one stem, with close to 50 percent consisting of two or three stems. Less 
than 10 percent of the accumulations cut consist of four and five stems. Over 50 percent 
of the trees in the 33 cm to 43.2 cm dbh classes and 100 percent of trees greater than 
48.3 cm in diameter were harvested as single trees (Figure 2.2). Small diameter trees 
were most likely to be harvested in multi-stem accumulations.  
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A linear mixed-effects model with a random intercept has been developed to 
predict the cycle time for individual accumulations. To satisfy the underlying model 
assumption of normally distributed residuals, the dependent variable cycle time per 
accumulation was log-transformed. Stem count and sum of dbh in each accumulation 
were significant (p<0.001) in predicting logarithmic cycle time (Table 2.3). Data were 
weighted to account for a different spread of data within each stem count class at each 
site (Eqn. 2.1).  
 
 
Figure 2.1: Frequency of stem count in feller-buncher head accumulations within the 
observed sample of 486 bunches. 
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Figure 2.2: Percentage of trees harvested in each dbh class for all five stem count 
classes in feller-buncher head accumulations (n=949). 
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log(𝐶𝑇)𝑖𝑗 =  −0.888 + 0.136 × 𝑆𝐶𝑖𝑗 + 0.007 × 𝑆𝐷𝐵𝐻𝑖𝑗 +  𝛼𝑖 + 𝜀𝑖𝑗       (Eqn. 2.1) 
𝑖 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 7} 
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑡𝑒𝑚 𝑐𝑜𝑢𝑛𝑡 𝑖𝑛 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 {1, … , 5} 
𝜀𝑖𝑗~𝑁�0,𝜎2 × �𝑠𝑡𝑒𝑚 𝑐𝑜𝑢𝑛𝑡𝑖𝑗�2𝛿𝑗�     
𝛼𝑖~ 𝑁(0, 0.135)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.12      𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.40      
 𝐴𝐼𝐶 = 741.63     𝐵𝐼𝐶 = 791.79           
Logarithmic cycle time in minutes (log(CT)) is a function of the stem count (SC) and the 
sum of dbh in cm (SDBH) in each accumulation. The random intercept (𝛼𝑖) consists of 
the influence of the operator, machine and stand conditions at each site. 
 
Table 2.3: Regression coefficients for the logarithmic cycle time prediction function. 
 Value Std. Error DF t-value p-value 
(Intercept) -0.888 0.161 478 -5.528 <0.001 
stem count 0.136 0.032 478 4.255 <0.001 
sum of dbh 0.007 0.002 478 3.384 <0.001 
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An issue arising with Equation 2.1 is that the two explanatory variables are not 
easily obtained by a forester or operations manager. To circumvent this issue we 
developed a function in R (R Core Team 2012) to estimate the stem count and sum of 
dbh for accumulations derived from a list of trees with associated diameter in 5.1 cm (2-
inch) dbh classes. The function splits the trees in the list into five stem count classes 
based on the distribution of dbh in each class as shown earlier in Figure 2.2. Beginning 
with the highest stem count class, a whole number of bunches is calculated, based on 
the maximum amount of stems in a feller-buncher head accumulation in that particular 
class. The largest residual trees in that class get passed down to the next lower stem 
count class where the same procedure takes place again (Figure 2.3). The remaining 
trees in each stem count class are used to build accumulations with stem count and sum 
of dbh as variables. Each accumulation consists of the largest tree in the stem count 
class plus one, two, three or four of the smallest trees in that class for the stem count 
classes of two, three, four and five, respectively. Trees in the one stem class are carried 
over with a tag as a single stem harvest. The result of this function is a list of 
accumulations with the variables stem count and sum of dbh which can be used in 
combination with the cycle time prediction function (Eqn. 2.1) to estimate the time 
needed to cut all the trees in the original list. A tree list with dbh distribution of potentially 
cut trees can be derived from software such as Forest Vegetation Simulator (FVS) 
(Dixon 2002).  
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Figure 2.3: Schematic model of the function that prepares a list of trees to create a list of accumulations with stem count and sum of 
dbh attributes. A tree list gets split into five stem count classes based on the dbh distribution within each class. Trees within a stem 
count class get reduced to the next lower number to build a full accumulation in each class while the largest leftover trees get passed 
down to the next lower class. The function builds accumulations with the largest diameter tree and fills the remaining open spots of 
that accumulation with the lowest diameter trees. The resulting list of accumulation with sum of dbh and stem count can be used with 
the cycle time function developed in Equation 2.1. 
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Model Validation 
A verification of this approach with a dataset of 117 trees cut by a John Deere 
753J feller-buncher in an early commercial thinning experiment in 2011 (Benjamin et al. 
2012) returns an over prediction of 16% from the measured time. The verification 
dataset consisted of 45 stems in the 12.7 cm dbh class and 37 stems in the 17.8 cm dbh 
class, with the remaining stems being distributed into the other dbh classes (Figure 2.4 - 
Left). The accumulation building function returned 56 accumulations with 23 
accumulations consisting of one stem and 15 consisting of two stems. Approximately 
one third of the total accumulations consisted of three or more stems (Figure 2.4 – 
Right).   
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Figure 2.4: Feller-Buncher verification data summary. The left bar plot shows the frequency of stems in the individual dbh classes for 
the verification dataset. The right bar plot shows the frequency of the accumulation stem count classes after the application of the 
accumulation building function to the verification dataset.  
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Discussion 
Some of the existing cycle time and productivity models for feller-buncher are 
similar to the proposed model in this study (Bolding et al. 2009; Spinelli et al. 2002). Both 
of these models used some sort of stem count in each accumulation. However, Bolding 
et al. (2009) do not account for the variance in cycle time based on the sum of dbh of the 
trees in the accumulation. In addition to the number of trees per accumulation Spinelli et 
al. (2002) also use the percentage of downed or heavily leaning trees, and the average 
tree volume. This approach, however, is also not accounting for the variation in tree 
diameters within each accumulation. Other existing feller-buncher cycle time and 
productivity models are developed for single tree harvest (Adebayo et al. 2007; Y. Li et 
al. 2006; Wang et al. 2004). These models, however, are not applicable to small 
diameter stem harvests due to the fact that over 55% of the trees in a harvest block are 
cut in accumulations of two or more trees. Our proposed model accounts for the number 
of merchantable trees in an accumulation as well as the sum of dbh of such trees. With 
the two explanatory variables and the random effect of operator, machine and site 
conditions we were able to reach an adjusted R2-value for fixed and random effects of 
0.40.  
Sum of dbh and stem count in an accumulation might be difficult to estimate for a 
forester by just looking at a harvest block. However, results of this research show the 
distribution of each dbh class among the five stem count classes; and with this 
information it was possible to develop a function to calculate the sum of dbh and stem 
count for accumulations based on an input tree list with dbh classes as an attribute. The 
resulting list can be incorporated into a cycle time function. The cycle time for individual 
accumulations might be higher or lower than it actually occurs due to prediction error; 
however, the sum of the cycle time of all accumulations results in a more accurate cycle 
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time as over and underestimations cancels itself out. Additional feller-buncher data will 
be collected during the summer of 2013 to further verify the model approach and to 
extend the predicting model to accumulations of more than 5 stems.  
Large variations in productivity among operators with homogeneous 
demographic variables and work experience is common, so rather than predicting 
productivity on an individual basis, the overall population needs to be analyzed (Lindroos 
2010). The influence of the operator on the productivity of harvesting equipment such as 
harvester has been shown to account for 40 to 55 percent of productivity differences 
(Purfürst and Erler 2011; Purfürst and Lindroos 2011; Purfürst 2010a; Kärhä et al. 2004; 
Ovaskainen et al. 2004).  Multiple operators were included in this study to create a 
generalized cycle time prediction model for multi-stem harvesting of small diameter 
wood. Individual performance was not normalized since normalization can introduce new 
error sources and uncontrolled variation in the data (Gullberg 1995). Six different 
operators worked on seven different harvest sites and the analysis of the operator effect 
shows that 32 percent of the random variation in the data can be explained by the 
operator in combination with the used machine and stand conditions, while 68 percent of 
the variation is a combination of truly random variation and the influence of variables not 
studied (Table 2.4). 
 
Table 2.4: Random effects and their contribution to explaining the variation in the data. 
 Std. Dev. Variance  
Operator 0.36744 0.13501 32% 
Residual 0.54088 0.29256 68% 
 Sum 0.42757 100% 
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Conclusion 
The presented cycle time equation will help to increase the accuracy of 
estimating harvesting times for small diameter wood harvests. This equation, as well as 
the described function to create a list of accumulations, can be incorporated into existing 
harvest cost models to update cycle time and productivity predictions. We will continue 
to update these functions through further time and motion studies in an expanded range 
of stand and site conditions. Some of the participating contractors already agreed on 
participating in further studies as they have seen the benefit of such data published for 
small diameter wood harvests. 
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CHAPTER THREE:  
PRODUCTIVTY OF A CUT-TO-LENGTH SYSTEM IN  
PARTIAL HARVESTS IN MAINE 
 
Abstract 
A time and motion study on harvesters and forwarders operating in partial 
harvests in Maine was carried out during the summer of 2012. Four harvesting sites 
were studied with a variety of stand and site conditions. Results show productivity 
differences for harvesters operating in softwood and hardwood based on stem size. 
Harvester productivity in small diameter wood stands ranged from 10 m3/PMH to over 16 
m3/PMH. The model has an adjusted R2 of 0.56 for fixed and random effects. The 
combination of operator, machine, and site explains less than 7% of the variance in the 
data. Productivity differences for forwarders are based on distance, piece volume and 
number of pieces per load. Forwarder productivity in the study ranged from 13 m3/PMH 
to over 23 m3/PMH. The combination of operator, machine, and site explains 54% of the 
variance in the data. The developed model has an adjusted R2 of 0.67 for fixed and 
random effects. Models for the harvester and forwarder will be used to update regional 
production and cost models.  
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Introduction 
Due in part to regenerating clearcuts from the spruce budworm era in the 1970s 
and 1980s, forest operations managers in Maine must manage an increasing 
percentage of small diameter stands (dbh<30 cm). The cut-to-length harvesting method 
is the second most dominant harvesting method in Maine (Leon and Benjamin 2012). 
According to McCaskill et al. (2011), Maine has approximately 11 million acres of forest 
land dominated by small and medium diameter stems (< 27 cm in dbh), so it is important 
to know machine productivity for harvest systems operating in these conditions. The 
effective management of any forest operation requires accurate estimates of harvest 
costs and productivity, although monitoring these variables can be difficult (Holzleitner et 
al. 2011; Wang et al. 2004). This paper will develop productivity functions for cut-to-
length harvest systems in Maine. 
The forest industry has access to existing software to calculate harvest costs and 
productivity  (Fight et al. 2006; Fight et al. 2003), but none of these models uses 
machine productivity data from Maine. A literature review conducted by the authors 
resulted in no productivity information for Maine within the last 30 years. Harvester data 
from eastern Canada is mostly from the 1990’s (Légère and Gingras 1998; Gingras 
1994; Richardson and I. Makkonen 1994; Richardson 1989) while the more recent 
publications are from the western US (Bolding et al. 2009; Adebayo et al. 2007; Han et 
al. 2004) and Europe (Spinelli et al. 2010; Spinelli and Magagnotti 2010; Jiroušek et al. 
2007).  
Existing productivity data for harvester and forwarder need to be used carefully 
due to regional differences in site conditions, species composition, and range of stem 
size. With increasing small diameter wood harvests in this region it is necessary to 
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conduct a productivity study in partial harvests of small diameter wood in order to update 
regional harvest cost models. The objective of this study was to develop productivity and 
cycle time functions for dangle-head harvester and forwarder in Maine. The models 
consider unique harvesting conditions and management practices in this region and also 
consider operator proficiency.  
 
Materials and Methods 
Data were collected from four different harvesting sites throughout Maine from 
May until July 2012. Site conditions ranged from 1,326 to over 4,800 trees per ha, basal 
area of 27 to 47 m2/ha, and slopes of 1% to 5% (Table 3.1). All sites were partially 
harvested, with light to heavy removal intensities and trail spacing on each site of 18 m. 
Sites were softwood dominated with 90% to 100% softwood (Abies balsamea (L.) P.Mill., 
Picea rubens Sarg., Tsuga Canadensis (L.) Carr. and Thuja occidentalis L.) and up to 
10% hardwood (Fagus grandifolia Ehrh., Acer rubrum L., Betula alleghaniensis Britt., 
Betula papyrifera Marsh. and Populus tremuloides Michx.), however, one site was a 
mixed wood site with 50% softwood and 50% hardwood. 
Individual contractors and land managers, willing to participate in this study, gave 
permission to observe and measure productivity of active harvesting operations. The 
sites represent harvesting conditions common to this region in regard to species 
composition, ground conditions, and silvicultural prescription. The equipment used is 
common to this region and ranged in age from one year to six years. All the operators in 
this study had experience with harvesters and forwarders ranging from one year to 15 
years. 
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A study area from each site was flagged for harvest to ensure a minimum sample 
of 250 trees per site which resulted in a range of block size from 0.2 ha to 0.9 ha. All 
trees in each study area were painted in four different colors (blue, green, orange, 
yellow) based on 2.5 cm dbh classes (Hiesl and Benjamin 2012b; Eggers et al. 2010; 
Glade 1999). Trees larger than 29 cm had the dbh painted as a number on the bole. All 
four colors were used two times, in the same order, as shown in Table 3.2. Horizontal 
line samples were established to determine initial tree density and basal area (Husch et 
al. 1982; Beers and C.I. Miller 1976; Strand 1958).  
Data collected for the harvester within each sample area included time to 
harvest, delimb, top and process each individual tree. Diameter class and species were 
also recorded. A work cycle began and ended with empty accumulators moving towards 
the next tree and included the time to harvest, delimb, top and process. Machine 
operators and researchers communicated via a two-way radio with headset during active 
operations. Each time the operator moved to cut a new tree he would tell the researcher 
the appropriate color, species and the size (“small” or “large” based on each color class). 
Data were entered into a Palm Tungsten E2 with the time study software UMT Plus 
(Laubrass, Inc.). The merchantable tree volume was calculated in two steps. First, the 
tree height was estimated from linear regression models based on samples of tree 
heights within each sample area. Second, regional tree taper and volume functions were 
used with a merchantable top diameter of 7.5 cm (R. Li et al. 2012; Weiskittel and R. Li 
2012). Forwarder data collected included the time of traveling empty, loading the bunk, 
traveling loaded and unloading at the landing. Further, the number of logs in each load 
was recorded and the distance travelled was measured. Average log size per site was 
calculated by measuring 75-100 logs on the ground and averaging the values. 
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Data were analyzed using R (R Core Team 2012) and the car (Fox and Weisberg 
2011) and nlme (Pinheiro et al. 2012) packages. A “dummy” variable of species group 
was created to differentiate between softwood and hardwood species in the harvester 
analysis. The dataset includes trees with dbh of up to 28 cm and a stem volume of up to 
0.57 m3. 
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Table 3.1: Site and equipment information for harvester on five study sites. 
Site # Make/Model Initial Density Initial Basal Area Slope Basal Area Harvested DBH Power Work Operator Productivity 
  (trees ha-1) (m2 ha-1)   Removed (cm) (hp) Hours Experience a (m3 PMH-1) b 
1 Ponsse Ergo 1326 36.1 3% 90% 10 - 58 275 7500 15 years 16.3 
2 Timberjack 1270D 2596 47.9 1% 25% 10 - 38 215 14650 12 years 13.9 
3 Valmet 911.4 1630 27.4 2% 45% 10 - 30 228 5000 <1 year 10.5 
4 Ponsse Fox 4812 41.3 2% - 5% 45% 10 - 33 197 1200 <1 year 8.6 
a Operator experience in harvester. 
b Productive Machine Hours including breaks less than 15 minutes. 
 
Table 3.2: DBH class and color codes used during the time and motion study with English measurements (in.) in parentheses. 
DBH Class DBH Range Color 
cm cm   
10.1 (4)  8.9 - 11.0 (3.5 - 4.4) blue 
12.7 (5) 11.1 - 13.7 (4.5 - 5.4) green 
15.2 (6) 13.8 - 16.3 (5.5 - 6.4) orange 
17.8 (7) 16.4 - 18.8 (6.5 - 7.4) yellow 
20.3 (8) 18.9 - 21.3 (7.5 - 8.4) blue 
22.9 (9) 21.4 - 23.9 (8.5 - 9.4) green 
25.4 (10) 24.0 - 26.4 (9.5 - 10.4) orange 
27.9 (11) 26.5 - 29.0 (10.5 - 11.4) yellow 
>29.1 (11.5) DBH painted on bole 
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Results 
Harvester 
A total of 1096 (95%) softwood and 58 (5%) hardwood stems were analyzed. A 
linear mixed-effects model with a random intercept was developed to predict the cycle 
time and productivity for a harvester operating in a partial harvest in softwood dominated 
stands in Maine. To satisfy the underlying model assumption of normally distributed 
residuals, the dependent variables cycle time and productivity, respectively, were log-
transformed. DBH and species group only were significant variables for both the cycle 
time and productivity models (Table 3.3). Data were weighted to account for a different 
spread of data within a dbh class at each site (Eqns. 3.1 and 3.2). Less than 7 percent of 
the variance in the data can be explained by the effect of operator, machine, and site 
conditions for both models (Table 3.4). The predicted cycle time for processing 
hardwood is consistently higher than the predicted cycle time for softwood. The 
difference in predicted cycle time for softwood and hardwood harvesting increases with 
increasing dbh (Figure 3.1). Harvesting hardwood results in a lower productivity than 
harvesting softwood, however, at small diameters the difference is not as great as with 
larger diameter stems (Figure 3.2).  
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log(𝐶𝑇)𝑖𝑗 =  −1.129 + 0.041 × 𝐷𝐵𝐻𝑖𝑗 − 0.246 × 𝑆𝑃𝐺𝑅𝑃𝑖𝑗 +  𝛼𝑖 +  𝜀𝑖𝑗      (Eqn. 3.1) 
𝑖 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑑𝑏ℎ 𝑐𝑙𝑎𝑠𝑠𝑒𝑠 {1, … ,7} 
𝜀𝑖𝑗~𝑁�0,𝜎2 × �𝑑𝑏ℎ 𝑐𝑙𝑎𝑠𝑠𝑖𝑗�2𝛿𝑗�     
𝛼𝑖~ 𝑁(0, 0.012)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.17     𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.20       
𝐴𝐼𝐶 = 1572     𝐵𝐼𝐶 = 1618           
Logarithmic cycle time in minutes (log(CT)) is a function of the dbh in cm (DBH) and the 
species group (SPGRP) (hardwood=0; softwood=1) . The random intercept (𝛼𝑖) consists 
of the influence of the operator, machine, and stand conditions at each site. 
 
Figure 3.1: Predicted cycle time for harvester for softwood and hardwood harvesting.  
 67 
 
log(𝑃𝑅𝑂𝐷)𝑖𝑗 =  0.053 + 0.122 × 𝐷𝐵𝐻𝑖𝑗 + 0.385 × 𝑆𝑃𝐺𝑅𝑃𝑖𝑗 + 𝛼𝑖 + 𝜀𝑖𝑗      (Eqn. 3.2) 
𝑖 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑑𝑏ℎ 𝑐𝑙𝑎𝑠𝑠𝑒𝑠 {1, … ,7} 
𝜀𝑖𝑗~𝑁�0,𝜎2 × �𝑑𝑏ℎ 𝑐𝑙𝑎𝑠𝑠𝑖𝑗�2𝛿𝑗�     
𝛼𝑖~ 𝑁(0, 0.021)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.54     𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.56       
𝐴𝐼𝐶 = 1638     𝐵𝐼𝐶 = 1684           
Logarithmic productivity in m3/PMH (log(PROD)) is a function of the dbh in cm (DBH) 
and the species group (SPGRP) (hardwood=0; softwood=1). The random intercept (𝛼𝑖) 
consists of the influence of the operator, machine, and stand conditions at each site. 
 
Figure 3.2: Predicted productivity for harvester for softwood and hardwood harvesting. 
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Table 3.3: Regression coefficients for the logarithmic cycle time and logarithmic 
productivity prediction function for the harvester. 
log(CT)         
  Value Std. Error DF t-value p-value 
(Intercept) -1.129 0.109 1148 -10.327 <0.001 
DBH 0.041 0.003 1148 13.708 <0.001 
SPGRP -0.246 0.077 1148 -3.197 0.001 
            
log(PROD)         
  Value Std. Error DF t-value p-value 
(Intercept) 0.053 0.122 1148 0.432 0.666 
DBH 0.122 0.003 1148 39.422 <0.001 
SPGRP 0.385 0.080 1148 4.820 <0.001 
 
 
Table 3.4: Random effects and their contribution to explaining the variation in the data 
for logarithmic cycle time and productivity prediction for harvester. “Combo” is the effect 
of the combination of operator, machine and site conditions.  
log(CT)       
  StdDev Variance   
Combo 0.11164 0.01246 5% 
Residual 0.49026 0.24035 95% 
  Sum 0.25282 100% 
        
log(PROD)     
  StdDev Variance   
Combo 0.14621 0.02138 7% 
Residual 0.53485 0.28606 93% 
  Sum 0.30744 100% 
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Forwarder 
Forwarder productivity was studied at all sites. The forwarders ranged in power 
from 182 hp to 250 hp with average load sizes of 118 to 194 logs and average log 
volumes between 0.06 m3 and 0.1 m3 (Table 3.5). Twenty-two observations of full 
forwarder loads were analyzed in order to develop the prediction models. The observed 
distance from the landing to the location of the first grapple load ranged from 130 m to 
670 m. All forwarders in this study drove empty to the last log in a trail and then began 
loading on the way out to the landing. The relative small average log size can be 
explained by the fact that all forwarders were collecting pulp wood only. Linear 
regression models were developed to predict cycle time and productivity, respectively. 
Only the distance from the landing to the location of the first grapple load is significant 
(p<0.001) in predicting the cycle time for a full forwarder load (Table 3.6). A comparison 
of the linear regression model for predicting cycle time with a mixed-effects model with 
the effect of the combination of operator, machine, and site conditions as the random 
intercept revealed that there is no significant difference in the two models and therefore 
the simple linear regression model for cycle time prediction is acceptable (Likelihood 
ratio test L=1.32e-08 (df=1, p=0.999)). Data were weighted to account for the different 
spread of cycle time and productivity among the individual sites (Eqn. 3.3).  
 
Table 3.5: Equipment information for four forwarders studied. 
Site # Power Work  Operator Productivity Average Average log volume 
 (hp) Hours Experience a (m3 PMH-1) b logs/load m3 
1 250 - - 18.9 129 0.09 
2 182 16000 7 years 21.6 151 0.10 
3 204 2400 8 years 13.4 194 0.06 
4 194 1477 1 year 17.2 118 0.07 
a Operator experience in forwarder. 
b Productive Machine Hours including breaks less than 15 minutes.  
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𝐶𝑇𝑖𝑗 =  24.725 + 0.040 × 𝐷𝐼𝑆𝑇𝑖𝑗 +  𝜀𝑖𝑗       (Eqn. 3.3) 
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑓𝑜𝑟𝑤𝑎𝑟𝑑𝑒𝑟 𝑙𝑜𝑎𝑑 
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 4} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝑅𝐴𝑑𝑗.2 = 0.49      𝐴𝐼𝐶 = 146     𝐵𝐼𝐶 = 152           
Cycle time (CT[min.]) is a function of the distance from the landing to the location of the 
first grapple load (DIST[m]). 
 
 
Figure 3.3: Predicted cycle time for forwarder. 
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Distance, average log volume and the number of logs were significant (p<0.001) 
variables in the productivity model (Table 3.6). A linear mixed-effects model with the 
“combo” effect as a random intercept is the chosen model form. The variance structure 
of the data was best explained by the individual sites and the amount of logs in each 
individual forwarder load (Eqn. 3.4). Results of the “combo” effect analysis shows that 
53.7% of the variance in the data for the productivity prediction of a forwarder can be 
explained by combination of operator, machine and site conditions (Table 3.7). There is 
a linear increase in cycle time for traveling distances of 140 m to 660 m (Figure 3.3). The 
productivity decreases with increasing traveling distance, however, given a constant 
average log volume, the productivity increases largely with increasing number of logs 
per load (Figure 3.4). 
 
Table 3.6: Regression coefficients for the cycle time and productivity prediction function 
for the forwarder. 
Cycle Time           
  Value Std. Error DF t-value p-value 
(Intercept) 24.725 2.221 20 11.134 <0.001 
DIST 0.040 0.004 20 10.944 <0.001 
            
Productivity           
  Value Std. Error DF t-value p-value 
(Intercept) -4.214 5.446 15 -0.774 0.451 
DIST -0.015 0.004 15 -4.141 <0.001 
VOL 158.891 49.185 15 3.231 0.006 
LOGS 0.094 0.015 15 6.397 <0.001 
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𝑃𝑅𝑂𝐷𝑖𝑗 =  −4.214 − 0.015 × 𝐷𝐼𝑆𝑇𝑖𝑗 + 158.891 × 𝑉𝑂𝐿𝑖𝑗 +  0.094 ×  𝐿𝑂𝐺𝑆𝑖𝑗 +  𝛼𝑖 +  𝜀𝑖𝑗     
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑓𝑜𝑟𝑤𝑎𝑟𝑑𝑒𝑟 𝑙𝑜𝑎𝑑 
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 4} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.49     𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.67       
𝐴𝐼𝐶 = 118     𝐵𝐼𝐶 = 126       
Productivity in m3/PMH (PROD) is a function of the distance in m from the landing to the 
location of the first grapple load (DIST), average log volume in m3 (VOL]) and the 
number of logs in each full load (LOGS). The random intercept (𝛼𝑖) consists of the 
influence of the operator, machine, and stand conditions at each site. 
 
Figure 3.4: Predicted productivity for forwarder with three different load capacities. 
(Eqn. 3.4) 
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Table 3.7: Random effects and there contribution to explaining the variation in the data 
for forwarder productivity prediction. “Combo” is the effect of the combination of 
operator, machine and site conditions. 
  StdDev Variance   
Combo 2.09226 4.37754 54% 
Residual 1.94233 3.77264 46% 
  Sum 8.15018 100% 
 
 
Discussion 
Harvester 
The harvester analysis shows that there is a significant difference in cycle time 
and productivity prediction between softwood and hardwood harvesting; such results 
have also been reported before (Spinelli et al. 2010). It is important to keep in mind that 
95% of the trees in the dataset were softwood trees and only 5% contribute to hardwood 
species. Adebayo et al. (2007) report cycle time equations that use the number of logs 
produced from each stem. We didn’t collect data for that variable due to the fact that 
most processed trees resulted in only one merchantable log. Spinelli and Magagnotti 
(2010) use dbh by the power of 1.23, which is similar to our predictive model with the 
difference of the log-transformed dependent variable of cycle time. 
Many existing studies have documented the influence of the operator on 
harvester productivity – some as high as 40% - (Purfürst and Erler 2011; Purfürst and 
Lindroos 2011; Lindroos 2010; Spinelli et al. 2010; Nurminen et al. 2006; Kärhä et al. 
2004; Ovaskainen et al. 2004). The influence of the combination of operator, machine 
and, site conditions in this study explains less than 7% of the variation in the data (Table 
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3.5). Although we expected a greater effect of the operator due to a large difference in 
experience, it is possible that in small diameter stem harvests, operator influence is not 
as important. More harvester data needs to be collected to do further analysis of the 
operator and machine effect. 
Predicted productivity for small diameter wood ranges from 7 m3/PMH to over 40 
m3/PMH. In the 1980’s and 1990’s harvester productivity in eastern/central Canada was 
reported as between 6.1 m3/PMH and 16.9 m3/PMH (Légère and Gingras 1998; Gingras 
1994; Richardson 1989). Due to technical advancement, the processing speed of 
harvester heads increased since then and might explain the larger productivity range 
found in the current study. Harvester productivities reported in the late 2000’s ranges 
from 13.5 m3/PMH to 60.5 m3/PMH (Simões et al. 2008; Jiroušek et al. 2007), and are 
closer to the productivity range in this region. A study from Finland using thinning 
harvesters in similar small diameter wood results in a productivity range of 4 m3/PMH to 
12 m3/PMH, which is at the lower end of the predicted productivity for the current study.  
 
Forwarder 
The forwarder analysis shows that distance is the only influential variable for 
predicting cycle time. Adebayo et al. (2007) present results that show that distance and 
number of pieces per load are significant predictors. The significance might be due to 
the uphill forwarding in their study with slopes of 3% - 34%, while the present study 
forwards on level ground. We need to collect further forwarder information on a wider 
range of slopes to explore the impact of greater slopes on the cycle time. A comparison 
of a linear regression model and a mixed-effects model – with a combination of operator, 
machine and site conditions as the random effect – also shows that this combo-effect 
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does not account for any significant variability in the data. The small sample of four 
forwarders and operators might be the reason for the absence of this combo-effect. 
Forwarder productivity has been part of other studies, and models contain grapple 
volumes, travel distance and payload size (Adebayo et al. 2007; Y. Li et al. 2006; 
Lanford and Stokes 1996). The presented forwarder productivity model in the current 
study is consistent with the before mentioned studies and uses similar predictor 
variables. However, the current model also includes the combination of operator, 
machine and site conditions as a random effect, which accounts for 53.7% of the 
variation in the data. Nurminen et al. (2006) report that it is complex and difficult to 
explain the variation in loading efficiency and that there are only a few variables that can 
be used in regression analysis. Observations from this study confirm that there are great 
differences among operators in their loading abilities. Most of the studies concerned 
about the operator as a random effect study harvesters and processors, but most do not 
include forwarders in their analysis (Purfürst and Erler 2011; Purfürst and Lindroos 2011; 
Purfürst 2010b; Lindroos 2010). The results of the current study seem to be extreme, 
with an explanatory effect of the combination of operator, machine, and site conditions of 
54%. Due to the small number of forwarders and operators studied and the small 
number of total loads observed, it is necessary to collect more data to further confirm 
this high effect of the operator, machine and site conditions in the future. 
Figure 3.4 shows the productivity for a forwarder based on an average log 
volume of 0.08 m3 and various distances for three load capacities (100, 150 and 200 
logs). What can be seen is that an additional 50 logs increase the productivity by 
4m3/PMH between the productivity of a load of 100 or 150 logs. Based on the load 
capacity and distance the productivity for forwarder ranges from 10 m3/PMH to 25 
m3/PMH. Forwarder productivity published in the past ranges from 7.9 m3/PMH to 17 
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m3/PMH (Y. Li et al. 2006; Gingras and Favreau 1996; Gingras 1994), with one 
exception of up to 31 m3/PMH (Richardson and I. Makkonen 1994). Most previously 
published productivities are well within the productivity of the present study and also 
consist of similar distances. Since all of the logs forwarded were marked as pulpwood, it 
is necessary to collect further data with additional products such as sawlogs and 
therefore larger log volumes. 
 
Conclusion 
Predicted productivity for harvester is well above the published values from the 
1990s from this region. This research study will help to update productivity information 
for this region, especially in small diameter softwood stands. The operator, including the 
machine and site conditions, only accounts for a small portion of the variance in the 
data. More research is needed to determine operator influence on machine level 
productivity.  It is likely that variation in site conditions are confounding the operator 
effect. Research in Europe shows harvester operator influences of up to 40% (Kärhä et 
al. 2004), which would suggest that the current operator sample is just too small to pick 
up on that. The forwarder productivity is influenced by many factors, however, the 
operator accounts for more than half the variance in the data. Other important factors 
are the traveling distance, the piece volume and the number of pieces loaded in a full 
load. The productivity encountered in this regions small diameter wood is fairly similar to 
productivity rates published in the 1990s and 2000s. All this information will be used to 
update regional productivity prediction software. Further research will be conducted to 
gather information in a greater variety of slopes and products. 
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CHAPTER FOUR: 
PRODUCTIVTY OF A WHOLE-TREE SYSTEM IN  
PARTIAL HARVESTS IN MAINE 
 
Abstract 
Whole tree harvesting represents over 80 percent of the volume harvested in 
Maine, so it is important to understand the productivity of such harvesting systems. A 
time and motion study was conducted on whole tree harvest systems (i.e., feller-
buncher, grapple skidder and stroke delimber) operating in partial harvest in Maine 
during the summer of 2012. Seven harvest sites were visited to collect feller-buncher 
productivity data. On five sites grapple skidder and stroke delimber data has been 
collected as well. Results of this study show the productivity difference for grapple 
skidder based on traveling distance and payload volume, as well as the difference in 
productivity for stroke delimber based on stem size. Grapple skidder productivity ranges 
from 13 m3/PMH to 24 m3/PMH, while stroke delimber productivity ranges from 10 
m3/PMH to over 25 m3/PMH. The developed productivity models fit the data well with 
adjusted R2 (fixed and random effects) of 0.79 and 0.57 for grapple skidder and stroke 
delimber, respectively. The combination of operator, machine, and site conditions 
explains 30% and 16% of the variance in the productivity data for grapple skidder and 
stroke delimber, respectively. On average the feller-buncher is twice as productive as 
the grapple skidder and stroke delimber. Models for the grapple skidder and stroke 
delimber will be used to update regional production and cost models.  
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Introduction 
Maine is the most forested state in the US, with a forest cover of approx. 90% 
(North East State Foresters Association 2007). According to McCaskill et al. (2011) there 
are approx. 11 million acres of small and medium diameter (<27 cm) dominated stands 
in the state. With increasing harvests of such small diameter wood, forest operations 
managers in Maine need to know the productivity of their equipment in these conditions 
to make qualified decisions about the equipment combination they will use. The whole-
tree harvesting method is the most common harvesting method in Maine (Leon and 
Benjamin 2012) and will be the focus of this paper. Productivity and cycle-time functions 
for grapple skidder and stroke delimber will be presented and put in context with feller-
buncher productivity functions previously developed by Hiesl and Benjamin (2012). 
Existing software to calculate harvest costs and productivity such as (Fight et al. 
2006) and (Fight et al. 2003) are used in this region, however, none of these models use 
productivity data from Maine and only very little data from this region. The authors 
conducted a literature review which resulted in no published productivity information for 
harvesting equipment used in Maine within the past 30 years. Existing productivity data 
from eastern Canada is mostly from 1980’s and 1990’s (Légère and Gingras 1998; 
Gingras and Favreau 1996; Gingras 1994; Gingras 1989; Gingras 1988). Productivity 
information from the 2000’s, which also represents newer equipment, is mostly from the 
western US (Bolding et al. 2009; Adebayo et al. 2007; Han et al. 2004).  
Productivity information for whole-tree harvesting systems from other studies has 
to be used carefully due to regional differences in the site conditions, species 
composition, and range of stem size (e.g. Bolding et al. 2009; Adebayo et al. 2007; 
Spinelli et al. 2007; Li et al. 2006; Phillips 1997; Andersson and Evans 1996). Hiesl and 
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Benjamin (2012) already described the differences for feller-buncher in this region in 
regard to the harvesting practice. The differences for grapple skidder in this region are in 
their extended trails lengths of up to 800 m, compared to extraction distances of 122 m 
to 366 m in other studies (Adebayo et al. 2007; Y. Li et al. 2006). The most recent 
productivity information for stroke delimbers from this region comes from eastern 
Canada in the late 1990’s (Légère and Gingras 1998; Phillips 1997; Andersson and 
Evans 1996). 
With increasing small diameter wood harvests in this region it is necessary to 
conduct a productivity study in such wood in order to update regional harvest cost 
models. The objective of this study was to develop productivity and cycle time functions 
for grapple skidders and stroke delimbers in Maine, and to assess the overall 
productivity of the whole-tree harvesting system. The models consider unique harvesting 
conditions and management practices in this region and also consider operator 
proficiency.  
 
Materials and Methods 
Seven active whole-tree harvest sites were observed during the summer of 2012. 
Seven feller-buncher, and five grapple skidder and stroke delimber were studied. Pre-
harvest site conditions ranged from 1015 to over 2500 trees per ha, basal area of 25 
m2/ha to 54 m2/ha, and slopes of 2% to 14% (Hiesl and Benjamin 2012a) (Table 4.1). All 
sites were partially harvested, with light to heavy removal intensities. All sites were 
classified as mixed wood with 40% to 100% hardwood (Fagus grandifolia Ehrh., Acer 
rubrum L., Betula alleghaniensis Britt., Betula papyrifera Marsh. and Populus 
tremuloides Michx.) and 0% to 60% softwood (Abies balsamea (L.) P.Mill., Picea rubens 
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Sarg., Tsuga Canadensis (L.) Carr. and Thuja occidentalis L.). Grapple skidder traveling 
distances ranged from 92 m to 828 m, with average distances per site ranging from 281 
m to 613 m (Table 4.2). Stem diameter ranged from 10 cm to 56 cm, with average 
diameters per site ranging from 18 cm to 24 cm (Table 4.3). Individual machines were 
studied independent from each other and do not necessarily represent the same wood 
as has been cut by the feller-buncher. Individual contractors and land managers, willing 
to participate in this study, gave permission to observe and measure productivity of 
active harvesting operations. The sites represent harvesting conditions common to this 
region in regard to species composition, ground conditions, and silvicultural prescription. 
The equipment used is common to this region and ranged in age from one year to five 
years. All the operators in this study were experienced in the broad field of forest 
operations and had experience with feller-bunchers, grapple skidders and stroke 
delimbers ranging from one year to 20 years. 
The data collection process for feller-buncher is described in detail in Hiesl and 
Benjamin (2012). Grapple skidder traveling time was measured using a Palm Tungesten 
E2 with the time study software UMTplus (Laubrass Inc.). Each cycle began and ended 
at the landing when dropping off a twitch. The distance was measured using a GPS 
antenna mounted outside the skidder cab and a GPS receiver stored inside the cab. The 
GPS and the Palm Tungsten E2 were synchronized to provide the same timestamps. 
The total distance was calculated using the distance driven during the time elapsed 
between the starting and ending timestamp. Total distance was divided by two to provide 
the skidding distance for each load. The total load volume was estimated using the 
average twitch volume of ten twitches per site. 
Stroke delimber cycle time per tree was measured using the same data collection 
system. Each cycle began with grabbing a new tree, and included the time to delimb, 
 82 
 
buck and pile the wood. The 5 cm diameter class of the tree was visually estimated by 
the researcher during the operation. Merchantable tree volume was estimated using 
regional tree taper and volume equations (R. Li et al. 2012; Weiskittel and R. Li 2012) in 
combination with the estimated tree height from a linear regression function of trees 
measured at each site. Data were analyzed using R (R Core Team 2012) and the car 
(Fox and Weisberg 2011) and nlme (Pinheiro et al. 2012) packages. 
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Table 4.1: Site and equipment information for feller-buncher from seven harvest sites (adapted from Hiesl and Benjamin (2012)). 
Site # Initial Density Initial Basal Area Slope Basal Area Harvested DBH Power Work Operator Productivity Twitch Size 
  (trees ha-1) (m2 ha-1)   Removed (cm) (hp) Hours Experience a (m3 PMH-1) b (m3) 
1 1756 26.8 3% 67% 10 - 48 241 8800 7 years 42 3.3 
2 1015 32.8 11% - 14% 48% 10 - 43 167 10000 13 years 22.8 2 
3 2104 54.6 5% - 7% 15% 10 - 53 300 196 8 years 62.3 8.6 
4 1934 27.3 7% 66% 10 - 63 284 11800 4 years 48.9 3.5 
5 1469 34.4 2% 54% 10 - 58 241 9000 7 years 66.1 2.9 
6 1062 25 7% - 12% 33% 10 - 58 228 10000 1 year 59.2 3.3 
7 2536 29.4 3% 76% 10 - 38 241 8800 15 years 31.2 2.5 
a Operator experience in feller-buncher. 
b Productive Machine Hours including breaks less than 15 minutes. 
 
 
Table 4.2: Equipment information for grapple skidder from five harvest sites. 
Site # Min Distance Max Distance Avg. Distance Slope Power Work  Operator Productivity 
  (m) (m) (m)   (hp) Hours Experience a (m3 PMH-1) b 
1 218 364 281 3% - 18% 182 4386 7 years 22.9 
2 396 828 598 11% - 14% 171 1600 20 years 13 
4 166 687 446 0% - 7% 219 10000 5 years 24.3 
5 92 610 371 2% 182 4600 20 years 16.9 
6 225 785 613 7-12% 182 10000 1 year 16 
a Operator experience in grapple skidder. 
b Productive Machine Hours including breaks less than 15 minutes. 
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Table 4.3: Equipment information for stroke delimber from five harvest sites. 
Site # Power Work  Operator Productivity Min DBH Max DBH Avg. DBH 
  (hp) Hours Experience a (m3 PMH-1) b (cm) (cm) (cm) 
1 157 5000 12 years 25.9 10 56 22 
2 161 7900 1 year 10.4 10 41 20 
3 164 5000 4 years 24.1 10 51 20 
5 157 5500 6 years 15.4 10 51 18 
6 138 13000 1 year 25.2 10 46 24 
a Operator experience in stroke delimber. 
b Productive Machine Hours including breaks less than 15 minutes. 
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Results 
Grapple Skidder 
A linear mixed-effects model with a random intercept has been developed to 
predict the cycle time and productivity, respectively, for grapple skidder. A total of 101 
observations were included in the data analysis. To satisfy the underlying model 
assumption of normally distributed residuals, the dependent variables cycle time and 
productivity were log-transformed. For predicting the cycle time of a grapple skidder, the 
traveled distance to the twitch was the only significant (p<0.001) variable (Table 4.4). 
Due to the variability in the number of observations from each site, data was weighted by 
site (Eqn. 4.1). An exponential increase in cycle time with increasing distance can be 
found in the predicted values for traveling distance between 50 m and 800 m (Figure 
4.1). For predicting the productivity of a grapple skidder the traveled distance to the 
twitch and the grapple volume are significant (p<0.001) variables (Table 4.4). Due to the 
variability in the number of observations from each site, data was weighted by site (Eqn. 
4.2). An exponential decrease in productivity with increasing distance can be found in 
the predicted values for traveling distance between 50 m and 800 m, however, with 
increasing twitch volume, the productivity increases as well (Figure 4.2). Approximately 
26% and 30% of the variation in the data can be explained by the “combo” effect of the 
combination of operator, machine and site specific conditions for the cycle time and 
productivity prediction models, respectively (Table 4.5). 
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log(𝐶𝑇)𝑖𝑗 =  1.618 + 0.002 × 𝐷𝐼𝑆𝑇𝑖𝑗 +  𝛼𝑖 +  𝜀𝑖𝑗       (Eqn. 4.1) 
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒  
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝛼𝑖~ 𝑁(0, 0.017)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.71     𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.77      
 𝐴𝐼𝐶 = 0.07     𝐵𝐼𝐶 = 20.83           
Logarithmic cycle time in minutes (CT) is a function of the distance in meter from the 
landing to the location of the first grapple load (DIST). The random intercept (𝛼𝑖) consists 
of the influence of the operator, machine, and stand conditions at each site. 
 
Figure 4.1: Predicted cycle time for grapple skidder for distances ranging from 50 m to 
800 m. 
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log(𝑃𝑅𝑂𝐷)𝑖𝑗 =  2.632 − 0.002 × 𝐷𝐼𝑆𝑇𝑖𝑗 + 0.314 × 𝑉𝑂𝐿𝑖𝑗 + 𝛼𝑖 + 𝜀𝑖𝑗       (Eqn. 4.2) 
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒  
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝛼𝑖~ 𝑁(0, 0.021)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.72      𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.79       
𝐴𝐼𝐶 = 6.89     𝐵𝐼𝐶 = 30.16           
Logarithmic productivity in m3/PMH (PROD) is a function of the distance in meter from 
the landing to the location of the first grapple load (DIST) and the twitch volume of each 
grapple load in m3 (VOL). The random intercept (𝛼𝑖) consists of the influence of the 
operator, machine, and stand conditions at each site. 
 
Figure 4.2: Predicted productivity for grapple skidder for distances ranging from 50 m to 
800 m, and twitch volumes of 2.0 m3 to 3.5 m3. 
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Table 4.4: Regression coefficients for cycle time and productivity functions for grapple 
skidder. 
log(CT)           
  Value Std. Error DF t-value p-value 
(Intercept) 1.618 0.087 95 18.631 <0.001 
DIST 0.002 0.000 95 11.481 <0.001 
            
            
log(PROD)           
  Value Std. Error DF t-value p-value 
(Intercept) 2.632 0.249 94 10.587 <0.001 
DIST -0.002 0.000 94 -11.174 <0.001 
VOL 0.314 0.074 94 4.212 <0.001 
 
 
Table 4.5: Random effects and there contribution to explaining the variation in the data 
for logarithmic cycle time and productivity prediction for grapple skidder. “Combo” is the 
effect of the combination of operator, machine and site conditions.  
log(CT)       
  StdDev Variance   
Combo 0.13040 0.01700 26% 
Residual 0.21969 0.04826 74% 
  Sum 0.06527 100% 
        
log(PROD)     
  StdDev Variance   
Combo 0.14449 0.020877 30% 
Residual 0.21911 0.048011 70% 
  Sum 0.068888 100% 
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Stroke Delimber 
Stroke delimber productivity was studied at five sites. A linear mixed-effects 
model with a random intercept was developed to predict the cycle time and productivity 
for stroke delimber working with small diameter trees. The analyzed data included trees 
up to 2.3 m3 in volume and up to 53 cm in diameter. A total of 955 trees were analyzed 
in order to develop the linear mixed-effects model. To satisfy the underlying model 
assumption of normally distributed residuals, the dependent variables cycle time and 
productivity were log-transformed. Significant (p<0.001) variables for predicting the cycle 
time are the dbh and species group (Table 4.6). Species group is a dummy variable for 
the categories softwood (0) and hardwood (1). Due to the variation in sampled data from 
each individual site, the data was weighted by site (Eqn. 4.3). Cycle time increases with 
increasing dbh, and also increases between softwood and hardwood species (Figure 
4.3). Dbh is the only significant (p<0.001) variable in predicting the productivity of a 
stroke delimber (Table 4.6). Species group was determined as a non-significant variable 
with a p-value of 0.1 at the 95% confidence level. Data was weighted by site due to the 
variation in the number of samples within each site (Eqn. 4.4). The productivity between 
10 cm dbh trees and 50 cm dbh trees increases approximately 12-fold (Figure 4.4). The 
analysis of the effect of the combination of operator and machine at each site shows that 
this effect only explains 10% of the variation in the data for predicting cycle time and 
16% for predicting productivity (Table 4.7). 
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log(𝐶𝑇)𝑖𝑗 =  −1.247 + 0.039 × 𝐷𝐵𝐻𝑖𝑗 − 0.135 × 𝑆𝑆𝑃𝐺𝑅𝑃𝑖𝑗 +  𝛼𝑖 +  𝜀𝑖𝑗       (Eqn. 4.3) 
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒  
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝛼𝑖~ 𝑁(0, 0.036)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.24      𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.31       
𝐴𝐼𝐶 = 1501     𝐵𝐼𝐶 = 1550           
Logarithmic cycle time in minutes (CT) is a function of the tree diameter in cm (DBH) and 
the species group (SSPGRP)(softwood=0; hardwood=1). The random intercept (𝛼𝑖) 
consists of the influence of the operator and machine at each site. 
 
Figure 4.3: Predicted cycle time for stroke delimber for dbh ranging from 10 cm to 50 cm, 
and hardwood and softwood species.  
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�𝑃𝑅𝑂𝐷𝑖𝑗 =  −0.708 + 0.219 × 𝐷𝐵𝐻𝑖𝑗 + 0.650 × 𝑆𝑆𝑃𝐺𝑅𝑃𝑖𝑗 + 𝛼𝑖 +  𝜀𝑖𝑗       (Eqn. 4.4) 
𝑖 = 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒  
 𝑗 = 𝑠𝑒𝑡 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 {1, … , 5} 
𝜀𝑖𝑗~𝑁�0,𝜎𝑗2�     
𝛼𝑖~ 𝑁(0, 0.355)        
𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.54     𝑅𝐴𝑑𝑗.(𝑓𝑖𝑥𝑒𝑑 𝑎𝑛𝑑 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡𝑠)2 = 0.57       
𝐴𝐼𝐶 = 3866     𝐵𝐼𝐶 = 3910           
Logarithmic productivity in m3/PMH (PROD) is a function of the tree diameter in cm 
(DBH). Species group was not a significant factor in predicting productivity with a p-value 
of 0.1. The random intercept (𝛼𝑖) consists of the influence of the operator and machine 
at each site. 
 
Figure 4.4: Predicted productivity of stroke delimber for dbh ranging from 10 cm to 50 cm 
for softwood and hardwood species. 
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Table 4.6: Regression coefficients for cycle time and productivity functions for stroke 
delimber. 
log(CT)           
  Value Std. Error DF t-value p-value 
(Intercept) -1.247 0.093 947 -13.377 <0.001 
DBH 0.039 0.002 947 19.868 <0.001 
SSPGRP -0.135 0.051 947 -2.664 0.008 
            
sqrt(PROD)           
  Value Std. Error DF t-value p-value 
(Intercept) -0.708 0.297 947 -2.386 0.017 
DBH 0.219 0.007 947 32.610 <0.001 
SSPGRP 0.650 0.145 947 4.478 <0.001 
 
 
Table 4.7: Random effects and there contribution to explaining the variation in the data 
for logarithmic cycle time and productivity prediction for stroke delimber. “Combo” is the 
effect of the combination of operator and machine.  
log(CT)       
  StdDev Variance   
Combo 0.18995 0.03608 10% 
Residual 0.56677 0.32123 90% 
  Sum 0.35731 100% 
sqrt(PROD)     
  StdDev Variance   
Combo 0.59617 0.35542 16% 
Residual 1.37049 1.87824 84% 
  Sum 2.23366 100% 
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Whole-tree system 
As can be seen, there is great variability in productivity among the individual 
machines and within whole-tree systems. Feller-buncher productivity on average is 
about two-times as high as the average grapple skidder and stroke delimber productivity 
(Figure 4.5). The average grapple skidder productivity is about the same as the average 
stroke delimber productivity. However, stroke delimber productivity is slightly higher.  
 
Figure 4.5: Comparison of whole-tree system productivity in Maine. The thick black line 
in each bean plot represents the machine type average productivity. The dotted line 
represents the total average of all machines combined. The small black lines within each 
bean plot shows the individual data points collected for each machine. The outline of 
each bean plot represents the frequency and distribution of the individual observations. 
Wider spots identify a higher concentration of observations for that productivity range. 
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Discussion 
Our proposed grapple skidder productivity model is similar to the one published 
by Wang et al. (2004), however, the quadratic distance term did not contribute 
significantly to our model. The limitation of the volume of each skidder load has to be 
kept in mind when extrapolating the model to grapple volumes outside the range of 2.0 
m3 to 3.5 m3. The traveling distance has to be kept in mind as well, since some forest 
operations in Maine use skidding distances greater than 800 m. The payload size of 
grapple skidders in this study stayed below the maximum value of 4 m3, as reported by 
(Y. Li et al. 2006), which might be due to the small stem size, and the resulting large 
crown volume for twitches, due to an increased number of stems per twitch. The 
productivity of grapple skidders in Maine is above the values reported by Li et al. (2006), 
Phillips (1997), and Gingras and Favreau (1996). However, it covers the productivity 
reported by Lanford and Stokes (1996) and stays within the range of Andersson and 
Evans (1996). The extremely high productivity of Andersson and Evans (1996) can be 
explained by their large stem size harvested. 
The influence of the combination of operator, machine and site conditions on 
grapple skidder productivity contributes approx. 26% to 30% to the variation. Many 
recent studies are concerned about the operator effect in harvester productivity (Purfürst 
and Erler 2011; Purfürst and Lindroos 2011; Lindroos 2010), however, none of these 
studies are concerned about whole-tree system productivity or any extraction devices. 
Andersson and Evans (1996) acknowledged that the skidder operator plays a vital role in 
the productivity of skidders, but the effect is difficult to measure. To gather more exact 
information about the influence of the operator instead of the combination of multiple 
factors, a skidder productivity study with multiple operators and the same machine in the 
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same stand would have to be carried out. The collected data sample of 66 observations 
is fairly small and only represents five different operators. 
Stroke delimber productivity has been reported before as between 22.6 m3/PMH 
and 107 m3/PMH (Légère and Gingras 1998; Phillips 1997; Andersson and Evans 1996). 
The stroke delimber productivity encountered during this study ranged from over 10 
m3/PMH to approx. 30 m3/PMH. The prediction model shows that with a high enough 
diameter the maximum productivity of  107 m3/PMH (Phillips 1997) can be reached. The 
stroke delimber productivity in Maine is mostly below the values mentioned before, 
which can be attributed to the smaller stem size of wood harvested. Differences in 
productivity between softwood and hardwood seem to be non-significant; however, there 
are differences in the cycle time prediction between those two species groups. The 12-
fold productivity increase between 10 cm and 50 cm diameter trees can be explained by 
the increasing tree volume. The time it takes to process a 50 cm tree is only slightly 
higher than for a 10 cm tree and therefore a larger volume is processed in a similar time 
frame, which increases the productivity. 
The feller-buncher productivity encountered in small diameter wood in Maine 
ranges from approx. 20 m3/PMH to approx. 70 m3/PMH. Most of previous studies report 
a feller-buncher productivity of 20 m3/PMH to 30 m3/PMH (Y. Li et al. 2006; Légère and 
Gingras 1998; Gingras and Favreau 1996; Gingras 1994). The high productivity of up to 
117 m3/PMH by Andersson and Evans (1996) can be explained by large diameter wood. 
The small diameter wood considered, the feller-buncher productivity in Maine seems to 
be on par with previously published productivities and on average even above those 
values.  
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Conclusion 
The conclusion to draw is that the productivity of feller-buncher in small diameter 
wood on average is higher than most of the previously published results from other 
studies. Grapple skidder productivity on average is about the same as what has been 
reported before, while the stroke delimber productivity seems to be below those 
published productivities. Grapple skidder and stroke delimber productivity, on average, is 
about the same; with the feller-buncher productivity being about two-times as high. A lot 
of variation can be found in the productivity data, with parts of the reason being the 
stand and site conditions. The developed models show the influence of diameter, 
traveling distance and payload volume in regards of the productivity of a whole-tree 
system. Further research might be done to further extract the true operator effect on 
productivity. The results of this research will be used to update regional cost and 
productivity prediction software to further assists Maine’s logging industry. 
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CHAPTER FIVE: 
ASSESSMENT OF FELLER-BUNCHER AND HARVESTER CAUSED STAND 
DAMAGE IN PARTIAL HARVESTS IN MAINE  
 
Abstract 
In the summer of 2012 a productivity study of whole-tree and cut-to-length 
systems in partial harvests in Maine was carried out. A residual stand damage 
assessment was conducted prior to skidding and forwarding to isolate the impact of 
harvesting equipment on post-harvest conditions. Damage was classified in three 
categories – low (bark scuff), medium (cambium broken but sapwood still intact), and 
high (cambium and sapwood broken). Wound size and distance to the bottom of each 
wound were measured to the nearest cm. Distance from trail center was measured 
perpendicular to the trail for each damaged tree.  Results show that stand damage 
(medium and high) caused by feller-bunchers ranges from 7% to 25% of the residual 
trees, and for harvester from 19% to 40%. No significant difference could be found in the 
distance of damaged trees from trail center (p>0.508) or the height of first occurrence of 
damage (p>0.440) among the three damage classes for feller-buncher and harvester. 
The stand damage caused by feller-buncher and harvester is significantly different 
(p=0.007), with the harvester damaging the greater number of trees. Further stand 
damage measurements will be taken in the future to increase the sample size and to 
further investigate the damage caused by individual machines and harvesting systems. 
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Introduction 
It is well documented that mechanical harvesting systems can cause significant 
damage to residual stems under a variety of site conditions and management objectives. 
Coup (2009) reviewed stand damage studies throughout the northeast region and found 
that 30% - 42% of the trees in a harvest block were injured to some degree.  Benjamin et 
al. (2012) found that an experienced and conscientious cut-to-length (CTL) operator 
harvesting at 24.4 m trail spacing produced less than 10% stem damage in a thinning 
operation. Clearly operator experience, machine configurations, site conditions and 
harvest prescription play an important role in minimizing damage to residual stems.  
Post-harvest assessments of this nature typically measure stem damage with respect to 
a qualitative scale related to size, location and significance of individual wounds 
(Ostrofsky and Dirkman 1991; Ostrofsky et al. 1986) and several studies in this region 
have applied this technique (Benjamin et al. 2012; Coup 2009; Cline et al. 1991). 
Vasiliauskas (2001) summarized the effect of stand damage on tree growth from a 
number of studies conducted in Europe, Russia and the USA. The prescriptions ranged 
from pre-commercial thinnings to partial harvests and clear cuts in mostly Norway 
spruce (Picea abies) stands. Stand damage was caused in parts by tractors and 
mechanized harvesting systems. Vasiliauskas (2001) found that tree damage can 
decrease growth by 5% to 35%. Studies from Finnland and Sweden show the negative 
effect of 25% reduction in height growth due to root damage from mechanized 
harvesting (Wästerlund 1988; Isomäki and Kallio 1974) and a reduction of 35% in radial 
growth (Isomäki and Kallio 1974) in Norway spruce stands.. 
All of the previous studies focus on post-harvest stand damage caused by a 
harvesting system (e.g. feller-buncher / grapple skidder or harvester / forwarder). 
However, Bruhn (1986), published stand damage caused by three feller-bunchers (drive-
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to-tree and swing-to-tree with shearheads) in thinnings of pole-sized northern hardwood 
stands in Michigan. The reported damage ranges from 18% to 40% of the residual trees. 
Stand damage of 48% of the residual trees caused by feller-buncher was reported by 
Matzka and Kellogg (2003) who operated in noble fir (Abies procera) stands in Oregon. 
Stand damage information available in this region consists of the damage caused 
by a harvesting system and does not differentiate between felling and extraction 
machines. There is a need of stand damage information for harvesting machines to 
highlight the importance of operator training in order to further reduce stand damage.     
 
Materials and Methods 
In the summer of 2012 a harvesting equipment productivity study was carried out 
in Maine for whole-tree (feller-buncher / grapple skidder / stroke delimber) and cut-to-
length (harvester / forwarder) systems. After the harvest the stand density was 
measured along horizontal line samples and the opportunity was given to take note of 
the feller-buncher and harvester caused stand damage before the skidding and 
forwarding. Due to the delay of the skidding and forwarding of the harvested wood of 
several days and weeks, and due to the limited time available for research, the stand 
damage after the skidding and forwarding process could not be measured. 
Data were collected on seven whole-tree and three cut-to-length harvest sites. 
Initial stand densities ranged from 1000 trees/ha to over 2500 trees/ha, with basal area 
between 25 m2/ha and 54 m2/ha (Table 5.1). Horizontal line samples (Husch et al. 1982; 
Beers and C.I. Miller 1976; Strand 1958) using a prism with a basal area factor of 
approximately 4.7 m2/ha (20 ft2/acre) were taken before the harvest to establish the 
initial basal area, stand density and dbh distribution. Immediately after the harvest, basal 
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area and stand density measurements were taken along the same line. In addition, tree 
damage was recorded for residual trees greater 5 cm in dbh. Damage was classified in 
three severity classes – low (bark scuff), medium (cambium broken but sapwood still 
intact), and high (cambium and sapwood broken) (Ostrofsky and Dirkman 1991; 
Ostrofsky et al. 1986). Wound size and distance to the bottom of each wound were 
measured to the nearest 2.5 cm (1 inch). Distance from trail center was measured 
perpendicular to the trail for each damaged tree.  
 
Results 
Residual stand damage across all three severity classes ranges from 7% to 29% 
and 25% to 57% for feller-buncher and harvester, respectively (Table 5.1). Stand 
damage caused by harvesters is higher than that caused by feller-bunchers with an 
average for each damage class of 16% to 20% and standard deviations of 10% to 17% 
(Figure 5.1). Results of a one-way ANOVA show that there is a significant difference 
(p=0.007) in stand damage between feller-buncher and harvester. These stand damage 
numbers include all three classes (low (n=16), medium (n=15), high (n=21)) of stand 
damage. However, the low stand damage class is only a bark scuff and will be excluded 
from further results.  
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Figure 5.1: Average stand damage caused by feller-buncher and harvester including 
standard deviation error bars. 
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Table 5.1: Site, stand and machine conditions for whole-tree and cut-to-length harvest sites studied. 
Site # System Trail Stand Density Basal Area Slope Basal Area Harvested Power Operator Productivity Stand 
    Spacing (m) (trees ha-1) (m2 ha-1)   Removed DBH  (cm) (hp) Experience a (m3 PMH-1) b Damage c 
1 WT 18.3 1756 26.8 3% 67% 10 - 48 241 7 years 42 29% 
2 WT 30.5 1015 32.8 11% - 14% 48% 10 - 43 167 13 years 22.8 7% 
3 WT 19.8 2104 54.6 5% - 7% 15% 10 - 53 300 8 years 62.3 8% 
4 WT 24.4 1934 27.3 7% 66% 10 - 63 284 4 years 48.9 19% 
5 WT 18.3 1469 34.4 2% 54% 10 - 58 241 7 years 66.1 18% 
6 WT 24.4 1062 25 7% - 12% 33% 10 - 58 228 1 year 59.2 12% 
7 WT 24.4 2536 29.4 3% 76% 10 - 38 241 15 years 31.2 26% 
8 CTL 15.2 1403 37.3 17% - 35% 57% 10 - 56 300 4 years 33.2 57% 
9 CTL 18.3 2596 47.9 1% 25% 10 - 38 215 12 years 13.9 30% 
10 CTL 18.3 1630 27.4 2% 45% 10 - 30 228 <1 year 10.5 25% 
a Operator experience in feller-buncher/harvester. 
b Productive Machine Hours including breaks less than 15 minutes.  
c Stand damage of residual trees. Includes low, medium and high damage categories. 
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Residual stand damage of medium and high damage combined ranges from 7% 
to 25% and 19% to 40% for feller-buncher and harvester, respectively (Figure 5.2). The 
residual stand damage represents a basal area of 2% to 26% and 16% to 27% of the 
residual basal area for feller-buncher and harvester cut stands, respectively (Figure 5.2). 
 
 
Figure 5.2: Residual tree damage and represented post-harvest basal area (BA) for 
medium and high damage combined for feller-buncher and harvester. Tree Damage is 
the percentage of damaged trees in a stand. BA Damage is the percentage of basal 
area that the damaged trees represent in a stand.  
 
Damaged trees are situated between 1.2 m and over 10 m from trail center 
(Figure 5.3). A one-way ANOVA in combination with Tukey’s HSD pairwise group 
comparison shows that there is no significant difference in distance to trail center 
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(p>0.508), and height of damage (p>0.440) among the damage classes for feller-
buncher and harvester caused damage. The height of the first occurrence of damage on 
a bole ranges from 0 m to over 7 m (Figure 5.3). No significant difference could be found 
in the distance from trail (p=0.829), and height of damage between feller-buncher and 
harvester (p=0.574). Four outliers had to be removed to adhere to ANOVA assumptions 
for the analysis of height of damage. 
 
Figure 5.3: Distance from trail center, and height of first wound occurrence for medium 
and high damaged trees for feller-buncher and harvester caused damage. 
 
Wound size for medium and high damage ranges from 20 cm2 to over 900 cm2 
(Figure 5.4). Due to unequal variance and the lack of normality in the small sample size 
a Mann-Whitney U test (also known as Wilcoxon rank sum test) has been applied to the 
data. The results is that there is no significant difference (p=0.829) in the probability 
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distribution of wound size between the two machines. The mean wound damage is 344 
cm2 and 145 cm2 for feller-buncher and harvester caused damage, respectively.  
 
Figure 5.4: Wound size caused by feller-buncher and harvester for medium and high 
damaged trees combined. 
 
Discussion 
The number of damaged trees within each site and between the two harvesting 
machines varies greatly. Damage caused by feller-bunchers has been reported 
previously between 14% and 40% of the residual trees or 5% to 13% of the residual 
basal area (Bruhn 1986). Three out of seven sites in the present study experienced 
stand damage of less than 14% and none of the sites experienced stand damage as 
high as 40%. A study by Matzka and Kellogg (2003) even shows a feller-buncher caused 
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stand damage of 48% of the residual trees which is by far higher than the damage 
caused in the present study by any feller-buncher and operator combination.  
Damage caused by harvester has been reported as between 15.2% and 45.2% 
(Sirén 2001) of the residual trees. This study was carried out in thinnings of Norway 
spruce in Finland. An even greater damage was reported by Han and Kellogg (2000) 
with 63.8% of the residual trees. This study was carried out in a Douglas-fir 
(Pseudotsuga menziesii) dominated stand in Oregon with a 18.3 m trail spacing. Most of 
the stand damages in the present study are within the range of Sirén (2001) with the 
exception of a 57% damage observation. This particular outlier, however, consists of a 
tracked harvester operation on a steep slope and cannot be easily compared to lower 
stand damage on flat ground with wheeled harvesters. During the harvest the machine 
was sliding on ledges which increased the residual stand damage. Neither of the stand 
damage observed in Maine is as high as the one reported by Han and Kellogg (2000).   
It is difficult to compare the feller-buncher and harvester caused stand damage to 
other observations since most of the published information entails system level (e.g. 
feller-buncher / grapple skidder and harvester / forwarder) stand damage.  According to 
Ostrofsky et al. (1986) stand damages of 20% - 40% (on system level) are generally 
acceptable. These values, however, include the stand damage caused by the harvesting 
machine and the extraction device (e.g. grapple skidder). Stand damage found by other 
studies range from 20% to 53% (Coup et al. 2008; Nichols et al. 1994; Ostrofsky 1988; 
Ostrofsky et al. 1986; Biltonen et al. 1976). Ostrofsky (1988) points out that even bark 
scuffs can have a high impact on log quality, depending on species. Considering the 
damage caused by feller-buncher, there is only a small margin for extraction devices to 
stay within acceptable stand damage levels.  
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Stand damage for medium and high damage classes combined were reported as 
between 21% and 24% by Benjamin et al. (2012). Compared to these damage values 
some of the damage caused by feller-bunchers in the present study seems to be very 
high. Reason for that might be a combination of operator experience, trail spacing and 
stand density. Due to the small amount of samples it is difficult to make any concrete 
assumptions about the influential factors. 
The height of damage from the ground on trees, caused by feller-buncher, has 
been published by Matzka and Kellogg (2003) as between 0 m and 13.7 m with an 
average of 2.7 m. The height of damage observed in the present study is mostly below 4 
m and does not even reach 13.7 m for a maximum. No information could be found for 
harvester regarding the height of damage; however, the observed values are well within 
the previously mentioned range. The wound size caused by feller-buncher has been 
reported as between 93 cm2 and 5,574 cm2 with an average of 372 cm2 (Matzka and 
Kellogg 2003). The observed damage in the present study averages 344 cm2 and is in 
its range well below the 5,500 cm2 mark. Wound size has also been reported for 
harvester caused damage by Han and Kellogg (2000) as 144 cm2. This value seems to 
be perfectly concurring with the observed value of 145 cm2 in the present study. 
It is important to note that under the right conditions stand damage can be 
minimized.  For example, Benjamin et al. (2012) found that an experienced and 
conscientious CTL operator harvesting at 24.4 m trail spacing produced less than 10% 
stem damage in a thinning operation. Observations of the researcher indicate that the 
forwarder operator inexperience and proficiency can add significant stand damage. Due 
to the small amount of sample for harvester it is difficult to say if the stand damage 
caused by this type of machine is generally higher than the damage caused by feller-
buncher. The samples taken might not represent the average operator or stand damage 
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caused by this type of machine. However, the previously mentioned studies indicate 
overall higher stand damage for harvester than feller-buncher. Further samples need to 
be taken to increase the comparability of the two machines and to strengthen the results 
of this study. Also due to the small amount of samples for feller-buncher and harvester, 
the results of non-significant differences in distance to trail, height of damage, and 
wound size among the damage classes and between the two machines might not be 
representative. Additional data needs to be collected to further investigate the 
relationship of damage class and other factors such as distance to trail. 
 
Conclusion 
The conclusion is that there are differences between feller-buncher and harvester 
caused damage. Harvester caused damage is significantly higher than feller-buncher 
caused damaged. However, all the reported damages in this study are lower than 
damage values reported in previously published articles. Feller-buncher damage levels 
are generally low enough to stay within acceptable damage levels after the skidding 
process. Harvester damage levels are fairly high, but still within the range of acceptable 
stand damage. Since forwarding usually does not introduce a large amount of stand 
damage, the overall damage will be within the range of 20% - 40% of the residual trees. 
With the small sample no differences could be found regarding the distance of damaged 
trees from trail center among the damage classes and between the two harvesting 
machines. The same is true for the height of damage on the bole and the wound size. 
Additional data needs to be collected in order to be able to draw more representative 
conclusion about stand damage in this region. 
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APPENDIX A: 
PRODUCTIVITY FIGURES IN CORDS AND TONS 
This appendix contains additional figures of the productivity models presented in 
previous chapters. Changes have been made to show the productivity curves in 
commonly used metrics such as cords/PMH and tons/PMH. The conversions used can 
be found with each figure and are adapted from Maine Forest Service (2012b) . 
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Grapple Skidder 
 
Figure A.1: Grapple skidder productivity in cords/PMH. 
 
𝑙𝑜𝑔 �𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑐𝑜𝑟𝑑𝑠
𝑃𝑀𝐻
�� =1.754 − 0.0005 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑓𝑡] + 0.755 × 𝑇𝑤𝑖𝑡𝑐ℎ𝑉𝑜𝑙 [𝑐𝑜𝑟𝑑𝑠]     (Equ. A.1) 
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Figure A.2: Grapple skidder productivity in tons/PMH. Conversion used: 2.3 tons/cord.   
 
𝑙𝑜𝑔 �𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑡𝑜𝑛𝑠
𝑃𝑀𝐻
�� = 
2.587 − 0.0005 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑓𝑡] + 0.328 × 𝑇𝑤𝑖𝑡𝑐ℎ𝑉𝑜𝑙 [𝑡𝑜𝑛𝑠]     (Equ. A.2) 
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Stroke Delimber 
 
 
Figure A.3: Stroke delimber productivity in cords/PMH. 
 
�𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑐𝑜𝑟𝑑𝑠
𝑃𝑀𝐻
� = 
−0.456 + 0.359 × 𝐷𝐵𝐻 [𝑖𝑛] + 0.419 × 𝑆𝑃𝑃𝐺𝑅𝑃[𝑑𝑢𝑚𝑚𝑦]     (Equ. A.3) 
SPPGRP is a dummy variable with 1 for softwood and 0 for hardwood. 
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Figure A.4: Stroke delimber productivity in tons/PMH. Conversion used: 2.25 tons/cord 
for softwood and hardwood. 
 
�𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑡𝑜𝑛𝑠
𝑃𝑀𝐻
� = 
−0.684 + 0.538 × 𝐷𝐵𝐻 [𝑖𝑛] + 0.629 × 𝑆𝑃𝑃𝐺𝑅𝑃[𝑑𝑢𝑚𝑚𝑦]     (Equ. A.4) 
SPPGRP is a dummy variable with 1 for softwood and 0 for hardwood. 
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Harvester 
 
Figure A.5: Harvester productivity in cords/PMH. 
 
𝑙𝑜𝑔 �𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑐𝑜𝑟𝑑𝑠
𝑃𝑀𝐻
�� = 
−0.826 + 0.309 × 𝐷𝐵𝐻 [𝑖𝑛] + 0.386 × 𝑆𝑃𝑃𝐺𝑅𝑃[𝑑𝑢𝑚𝑚𝑦]      (Equ. A.5) 
SPPGRP is a dummy variable with 1 for softwood and 0 for hardwood. 
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Figure A.6: Harvester productivity in tons/PMH. Conversion used: 2.1 tons/cord for 
softwood and 2.25 tons/cord for hardwood. 
 
 
𝑙𝑜𝑔 �𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑡𝑜𝑛𝑠
𝑃𝑀𝐻
�� = 
−0.015 + 0.309 × 𝐷𝐵𝐻 [𝑖𝑛] + 0.317 × 𝑆𝑃𝑃𝐺𝑅𝑃[𝑑𝑢𝑚𝑚𝑦]       (Equ. A.6) 
SPPGRP is a dummy variable with 1 for softwood and 0 for hardwood. 
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Forwarder 
 
Figure A.7: Forwarder productivity in cords/PMH. 
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑐𝑜𝑟𝑑𝑠
𝑃𝑀𝐻
� = 
−1.751 − 0.002 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑓𝑡] + 1.869 × 𝐿𝑜𝑔𝑉𝑜𝑙[𝑓𝑡3] + 0.039 × #𝐿𝑜𝑔𝑠      (Equ. A.7) 
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Figure A.8: Forwarder productivity in tons/PMH. Conversion used: 2.1 tons/cord for 
softwood. 
 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 �
𝑡𝑜𝑛𝑠
𝑃𝑀𝐻
� = 
−3.676 − 0.004 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑓𝑡] + 158.891 × 𝐿𝑜𝑔𝑉𝑜𝑙[𝑡𝑜𝑛𝑠] + 0.082 × #𝐿𝑜𝑔𝑠     (Equ. A.7) 
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APPENDIX B: 
PRODUCTIVITY TABLES 
This appendix contains productivity tables for easy access to productivity 
information for various stem sizes and yarding distances for grapple skidder, stroke 
delimber, harvester and forwarder. 
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Grapple Skidder 
Table B.1: Grapple skidder productivity matrix (merchantable and biomass volume) in m3/PMH. 
Distance Twitch Volume (m3) 
(m) 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 
50 25.1 26.7 28.5 30.3 32.3 34.4 36.6 39.0 41.5 44.2 47.0 50.1 
100 22.7 24.2 25.7 27.4 29.2 31.1 33.1 35.2 37.5 40.0 42.6 45.3 
150 20.5 21.9 23.3 24.8 26.4 28.1 30.0 31.9 34.0 36.2 38.5 41.0 
200 18.6 19.8 21.1 22.4 23.9 25.5 27.1 28.9 30.7 32.7 34.8 37.1 
250 16.8 17.9 19.1 20.3 21.6 23.0 24.5 26.1 27.8 29.6 31.5 33.6 
300 15.2 16.2 17.3 18.4 19.6 20.8 22.2 23.6 25.2 26.8 28.5 30.4 
350 13.8 14.7 15.6 16.6 17.7 18.9 20.1 21.4 22.8 24.2 25.8 27.5 
400 12.5 13.3 14.1 15.0 16.0 17.1 18.2 19.3 20.6 21.9 23.4 24.9 
450 11.3 12.0 12.8 13.6 14.5 15.4 16.4 17.5 18.6 19.8 21.1 22.5 
500 10.2 10.9 11.6 12.3 13.1 14.0 14.9 15.8 16.9 18.0 19.1 20.4 
550 9.2 9.8 10.5 11.1 11.9 12.6 13.5 14.3 15.3 16.2 17.3 18.4 
600 8.4 8.9 9.5 10.1 10.7 11.4 12.2 13.0 13.8 14.7 15.7 16.7 
650 7.6 8.0 8.6 9.1 9.7 10.3 11.0 11.7 12.5 13.3 14.2 15.1 
700 6.8 7.3 7.8 8.3 8.8 9.4 10.0 10.6 11.3 12.0 12.8 13.6 
750 6.2 6.6 7.0 7.5 8.0 8.5 9.0 9.6 10.2 10.9 11.6 12.3 
800 5.6 6.0 6.3 6.8 7.2 7.7 8.2 8.7 9.3 9.9 10.5 11.2 
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Table B.2: Grapple skidder productivity matrix (merchantable and biomass volume) in cords/PMH. 
Distance Twitch Volume (cords) 
(ft) 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 
100 10.8 11.7 12.6 13.6 14.7 15.8 17.1 18.4 19.8 21.4 23.1 24.9 
250 10.1 10.8 11.7 12.6 13.6 14.7 15.8 17.1 18.4 19.8 21.4 23.1 
400 9.3 10.1 10.9 11.7 12.6 13.6 14.7 15.8 17.1 18.4 19.9 21.4 
550 8.7 9.3 10.1 10.9 11.7 12.6 13.6 14.7 15.8 17.1 18.4 19.9 
700 8.0 8.7 9.3 10.1 10.9 11.7 12.6 13.6 14.7 15.8 17.1 18.4 
850 7.5 8.0 8.7 9.3 10.1 10.9 11.7 12.6 13.6 14.7 15.9 17.1 
1000 6.9 7.5 8.0 8.7 9.4 10.1 10.9 11.7 12.6 13.6 14.7 15.9 
1150 6.4 6.9 7.5 8.0 8.7 9.4 10.1 10.9 11.7 12.7 13.6 14.7 
1300 6.0 6.4 6.9 7.5 8.0 8.7 9.4 10.1 10.9 11.7 12.7 13.7 
1450 5.5 6.0 6.4 6.9 7.5 8.1 8.7 9.4 10.1 10.9 11.7 12.7 
1600 5.1 5.5 6.0 6.4 6.9 7.5 8.1 8.7 9.4 10.1 10.9 11.8 
1750 4.8 5.1 5.5 6.0 6.4 6.9 7.5 8.1 8.7 9.4 10.1 10.9 
1900 4.4 4.8 5.1 5.5 6.0 6.4 6.9 7.5 8.1 8.7 9.4 10.1 
2050 4.1 4.4 4.8 5.1 5.5 6.0 6.4 6.9 7.5 8.1 8.7 9.4 
2200 3.8 4.1 4.4 4.8 5.1 5.5 6.0 6.4 6.9 7.5 8.1 8.7 
2350 3.5 3.8 4.1 4.4 4.8 5.1 5.5 6.0 6.4 6.9 7.5 8.1 
2500 3.3 3.5 3.8 4.1 4.4 4.8 5.1 5.5 6.0 6.4 6.9 7.5 
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Table B.3: Grapple skidder productivity matrix (merchantable and biomass volume) in tons/PMH. 
Distance Twitch Volume (tons) 
(ft) 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 
100 24.4 26.0 27.8 29.7 31.7 33.8 36.1 38.6 41.2 44.0 46.9 50.1 
250 22.6 24.1 25.8 27.5 29.4 31.4 33.5 35.8 38.2 40.8 43.6 46.5 
400 21.0 22.4 23.9 25.5 27.3 29.1 31.1 33.2 35.4 37.8 40.4 43.1 
550 19.5 20.8 22.2 23.7 25.3 27.0 28.8 30.8 32.9 35.1 37.5 40.0 
700 18.0 19.3 20.6 22.0 23.5 25.1 26.8 28.6 30.5 32.6 34.8 37.1 
850 16.7 17.9 19.1 20.4 21.8 23.2 24.8 26.5 28.3 30.2 32.3 34.5 
1000 15.5 16.6 17.7 18.9 20.2 21.6 23.0 24.6 26.3 28.0 29.9 32.0 
1150 14.4 15.4 16.4 17.5 18.7 20.0 21.4 22.8 24.4 26.0 27.8 29.7 
1300 13.4 14.3 15.2 16.3 17.4 18.6 19.8 21.2 22.6 24.1 25.8 27.5 
1450 12.4 13.2 14.1 15.1 16.1 17.2 18.4 19.6 21.0 22.4 23.9 25.5 
1600 11.5 12.3 13.1 14.0 15.0 16.0 17.1 18.2 19.4 20.8 22.2 23.7 
1750 10.7 11.4 12.2 13.0 13.9 14.8 15.8 16.9 18.0 19.3 20.6 22.0 
1900 9.9 10.6 11.3 12.1 12.9 13.7 14.7 15.7 16.7 17.9 19.1 20.4 
2050 9.2 9.8 10.5 11.2 11.9 12.8 13.6 14.5 15.5 16.6 17.7 18.9 
2200 8.5 9.1 9.7 10.4 11.1 11.8 12.6 13.5 14.4 15.4 16.4 17.5 
2350 7.9 8.4 9.0 9.6 10.3 11.0 11.7 12.5 13.4 14.3 15.2 16.3 
2500 7.3 7.8 8.4 8.9 9.5 10.2 10.9 11.6 12.4 13.2 14.1 15.1 
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Stroke Delimber 
Table B.4: Stroke delimber productivity matrix (merchantable volume) in m3/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(cm) (m3/PMH)   (cm) (m3/PMH)   (cm) (m3/PMH) 
10.0 4.5 2.2   26.5 33.0 26.0   43.0 87.6 75.8 
10.5 5.0 2.5   27.0 34.3 27.1   43.5 89.7 77.8 
11.0 5.5 2.9   27.5 35.6 28.2   44.0 91.7 79.7 
11.5 6.1 3.3   28.0 36.9 29.4   44.5 93.8 81.7 
12.0 6.6 3.7   28.5 38.2 30.6   45.0 96.0 83.7 
12.5 7.2 4.1   29.0 39.6 31.8   45.5 98.1 85.7 
13.0 7.8 4.6   29.5 41.0 33.1   46.0 100.3 87.7 
13.5 8.4 5.1   30.0 42.4 34.4   46.5 102.5 89.8 
14.0 9.0 5.6   30.5 43.8 35.7   47.0 104.8 91.9 
14.5 9.7 6.1   31.0 45.3 37.0   47.5 107.0 94.0 
15.0 10.4 6.6   31.5 46.8 38.3   48.0 109.3 96.1 
15.5 11.1 7.2   32.0 48.3 39.7   48.5 111.6 98.3 
16.0 11.9 7.8   32.5 49.8 41.1   49.0 113.9 100.5 
16.5 12.6 8.4   33.0 51.4 42.5   49.5 116.3 102.7 
17.0 13.4 9.1   33.5 53.0 43.9   50.0 118.6 104.9 
17.5 14.2 9.8   34.0 54.6 45.4         
18.0 15.1 10.5   34.5 56.2 46.9         
18.5 15.9 11.2   35.0 57.9 48.4         
19.0 16.8 11.9   35.5 59.5 49.9         
19.5 17.7 12.7   36.0 61.2 51.5         
20.0 18.7 13.5   36.5 63.0 53.1         
20.5 19.6 14.3   37.0 64.7 54.7         
21.0 20.6 15.1   37.5 66.5 56.3         
21.5 21.6 16.0   38.0 68.3 58.0         
22.0 22.7 16.9   38.5 70.1 59.7         
22.5 23.7 17.8   39.0 72.0 61.4         
23.0 24.8 18.7   39.5 73.8 63.1         
23.5 25.9 19.7   40.0 75.7 64.8         
24.0 27.0 20.7   40.5 77.6 66.6         
24.5 28.2 21.7   41.0 79.6 68.4         
25.0 29.3 22.7   41.5 81.5 70.2         
25.5 30.5 23.8   42.0 83.5 72.1         
26.0 31.8 24.9   42.5 85.6 74.0         
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Table B.5: Stroke delimber productivity matrix (merchantable volume) in cords/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(in) (cords/PMH)   (in) (cords/PMH)   (in) (cords/PMH) 
4.0 2.0 1.0   10.6 14.2 11.2   17.2 37.7 32.7 
4.2 2.2 1.1   10.8 14.7 11.7   17.4 38.6 33.5 
4.4 2.4 1.3   11.0 15.3 12.2   17.6 39.5 34.4 
4.6 2.6 1.4   11.2 15.9 12.7   17.8 40.4 35.2 
4.8 2.8 1.6   11.4 16.4 13.2   18.0 41.3 36.1 
5.0 3.1 1.8   11.6 17.0 13.8   18.2 42.2 36.9 
5.2 3.3 2.0   11.8 17.6 14.3   18.4 43.1 37.8 
5.4 3.6 2.2   12.0 18.2 14.8   18.6 44.1 38.7 
5.6 3.9 2.4   12.2 18.9 15.4   18.8 45.1 39.6 
5.8 4.2 2.6   12.4 19.5 16.0   19.0 46.0 40.5 
6.0 4.5 2.9   12.6 20.1 16.5   19.2 47.0 41.4 
6.2 4.8 3.1   12.8 20.8 17.1   19.4 48.0 42.4 
6.4 5.1 3.4   13.0 21.4 17.7   19.6 49.0 43.3 
6.6 5.4 3.7   13.2 22.1 18.3   19.8 50.0 44.3 
6.8 5.8 3.9   13.4 22.8 19.0   20.0 51.0 45.2 
7.0 6.1 4.2   13.6 23.5 19.6   20.2 52.1 46.2 
7.2 6.5 4.5   13.8 24.2 20.2   20.4 53.1 47.2 
7.4 6.9 4.8   14.0 24.9 20.9   20.6 54.1 48.2 
7.6 7.2 5.2   14.2 25.6 21.5   20.8 55.2 49.2 
7.8 7.6 5.5   14.4 26.3 22.2   21.0 56.3 50.2 
8.0 8.0 5.8   14.6 27.1 22.9         
8.2 8.4 6.2   14.8 27.8 23.6         
8.4 8.9 6.6   15.0 28.6 24.3         
8.6 9.3 6.9   15.2 29.4 25.0         
8.8 9.7 7.3   15.4 30.2 25.7         
9.0 10.2 7.7   15.6 31.0 26.5         
9.2 10.7 8.1   15.8 31.8 27.2         
9.4 11.1 8.5   16.0 32.6 28.0         
9.6 11.6 8.9   16.2 33.4 28.7         
9.8 12.1 9.4   16.4 34.2 29.5         
10.0 12.6 9.8   16.6 35.1 30.3         
10.2 13.1 10.3   16.8 35.9 31.1         
10.4 13.7 10.7   17.0 36.8 31.9         
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Table B.6: Stroke delimber productivity matrix (merchantable volume) in tons/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(in) (tons/PMH)   (in) (tons/PMH)   (in) (tons/PMH) 
4.0 4.4 2.2   10.6 31.9 25.2   17.2 84.6 73.4 
4.2 4.9 2.5   10.8 33.1 26.3   17.4 86.6 75.3 
4.4 5.3 2.8   11.0 34.4 27.4   17.6 88.6 77.2 
4.6 5.9 3.2   11.2 35.6 28.5   17.8 90.7 79.1 
4.8 6.4 3.6   11.4 36.9 29.7   18.0 92.7 81.0 
5.0 6.9 4.0   11.6 38.3 30.9   18.2 94.8 82.9 
5.2 7.5 4.5   11.8 39.6 32.1   18.4 96.9 84.9 
5.4 8.1 4.9   12.0 41.0 33.3   18.6 99.0 86.9 
5.6 8.7 5.4   12.2 42.4 34.6   18.8 101.2 88.9 
5.8 9.4 5.9   12.4 43.8 35.8   19.0 103.4 91.0 
6.0 10.1 6.5   12.6 45.2 37.1   19.2 105.6 93.0 
6.2 10.8 7.0   12.8 46.7 38.5   19.4 107.8 95.1 
6.4 11.5 7.6   13.0 48.1 39.8   19.6 110.0 97.2 
6.6 12.2 8.2   13.2 49.7 41.2   19.8 112.3 99.4 
6.8 13.0 8.8   13.4 51.2 42.6   20.0 114.6 101.5 
7.0 13.8 9.5   13.6 52.7 44.0   20.2 116.9 103.7 
7.2 14.6 10.2   13.8 54.3 45.4   20.4 119.3 105.9 
7.4 15.4 10.9   14.0 55.9 46.9   20.6 121.6 108.1 
7.6 16.3 11.6   14.2 57.5 48.4   20.8 124.0 110.4 
7.8 17.2 12.3   14.4 59.2 49.9   21.0 126.4 112.7 
8.0 18.1 13.1   14.6 60.8 51.4         
8.2 19.0 13.9   14.8 62.5 53.0         
8.4 19.9 14.7   15.0 64.2 54.6         
8.6 20.9 15.5   15.2 66.0 56.2         
8.8 21.9 16.4   15.4 67.7 57.8         
9.0 22.9 17.3   15.6 69.5 59.4         
9.2 24.0 18.2   15.8 71.3 61.1         
9.4 25.0 19.1   16.0 73.2 62.8         
9.6 26.1 20.1   16.2 75.0 64.5         
9.8 27.2 21.1   16.4 76.9 66.2         
10.0 28.4 22.1   16.6 78.8 68.0         
10.2 29.5 23.1   16.8 80.7 69.8         
10.4 30.7 24.1   17.0 82.6 71.6         
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Harvester 
Table B.7: Harvester productivity matrix (merchantable volume) in m3/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(cm) (m3/PMH)   (cm) (m3/PMH)   (cm) (m3/PMH) 
10.0 5.2 3.6   16.8 12.0 8.2   23.6 27.6 18.8 
10.2 5.4 3.7   17.0 12.3 8.4   23.8 28.3 19.2 
10.4 5.5 3.8   17.2 12.6 8.6   24.0 29.0 19.7 
10.6 5.6 3.8   17.4 12.9 8.8   24.2 29.7 20.2 
10.8 5.8 3.9   17.6 13.3 9.0   24.4 30.4 20.7 
11.0 5.9 4.0   17.8 13.6 9.2   24.6 31.2 21.2 
11.2 6.1 4.1   18.0 13.9 9.5   24.8 31.9 21.7 
11.4 6.2 4.2   18.2 14.3 9.7   25.0 32.7 22.3 
11.6 6.4 4.3   18.4 14.6 10.0   25.2 33.5 22.8 
11.8 6.5 4.4   18.6 15.0 10.2   25.4 34.4 23.4 
12.0 6.7 4.6   18.8 15.4 10.4   25.6 35.2 24.0 
12.2 6.9 4.7   19.0 15.7 10.7   25.8 36.1 24.5 
12.4 7.0 4.8   19.2 16.1 11.0   26.0 37.0 25.2 
12.6 7.2 4.9   19.4 16.5 11.2   26.2 37.9 25.8 
12.8 7.4 5.0   19.6 16.9 11.5   26.4 38.8 26.4 
13.0 7.6 5.2   19.8 17.4 11.8   26.6 39.8 27.1 
13.2 7.8 5.3   20.0 17.8 12.1   26.8 40.8 27.7 
13.4 7.9 5.4   20.2 18.2 12.4   27.0 41.8 28.4 
13.6 8.1 5.5   20.4 18.7 12.7   27.2 42.8 29.1 
13.8 8.3 5.7   20.6 19.1 13.0   27.4 43.9 29.8 
14.0 8.6 5.8   20.8 19.6 13.3   27.6 44.9 30.6 
14.2 8.8 6.0   21.0 20.1 13.7   27.8 46.0 31.3 
14.4 9.0 6.1   21.2 20.6 14.0   28.0 47.2 32.1 
14.6 9.2 6.3   21.4 21.1 14.4         
14.8 9.4 6.4   21.6 21.6 14.7         
15.0 9.7 6.6   21.8 22.1 15.1         
15.2 9.9 6.7   22.0 22.7 15.4         
15.4 10.1 6.9   22.2 23.3 15.8         
15.6 10.4 7.1   22.4 23.8 16.2         
15.8 10.7 7.2   22.6 24.4 16.6         
16.0 10.9 7.4   22.8 25.0 17.0         
16.2 11.2 7.6   23.0 25.6 17.4         
16.4 11.5 7.8   23.2 26.3 17.9         
16.6 11.7 8.0   23.4 26.9 18.3         
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Table B.8: Harvester productivity matrix (merchantable volume) in cords/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(in) (cords/PMH)   (in) (cords/PMH)   (in) (cords/PMH) 
4.0 2.2 1.5   7.3 6.1 4.2   10.6 17.0 11.6 
4.1 2.3 1.6   7.4 6.3 4.3   10.7 17.6 11.9 
4.2 2.4 1.6   7.5 6.5 4.4   10.8 18.1 12.3 
4.3 2.4 1.7   7.6 6.7 4.6   10.9 18.7 12.7 
4.4 2.5 1.7   7.7 7.0 4.7   11.0 19.3 13.1 
4.5 2.6 1.8   7.8 7.2 4.9         
4.6 2.7 1.8   7.9 7.4 5.0         
4.7 2.8 1.9   8.0 7.6 5.2         
4.8 2.8 1.9   8.1 7.9 5.3         
4.9 2.9 2.0   8.2 8.1 5.5         
5.0 3.0 2.1   8.3 8.4 5.7         
5.1 3.1 2.1   8.4 8.6 5.9         
5.2 3.2 2.2   8.5 8.9 6.1         
5.3 3.3 2.3   8.6 9.2 6.2         
5.4 3.4 2.3   8.7 9.5 6.4         
5.5 3.5 2.4   8.8 9.8 6.6         
5.6 3.6 2.5   8.9 10.1 6.8         
5.7 3.7 2.5   9.0 10.4 7.1         
5.8 3.9 2.6   9.1 10.7 7.3         
5.9 4.0 2.7   9.2 11.1 7.5         
6.0 4.1 2.8   9.3 11.4 7.8         
6.1 4.2 2.9   9.4 11.8 8.0         
6.2 4.4 3.0   9.5 12.1 8.2         
6.3 4.5 3.1   9.6 12.5 8.5         
6.4 4.7 3.2   9.7 12.9 8.8         
6.5 4.8 3.3   9.8 13.3 9.0         
6.6 5.0 3.4   9.9 13.7 9.3         
6.7 5.1 3.5   10.0 14.2 9.6         
6.8 5.3 3.6   10.1 14.6 9.9         
6.9 5.4 3.7   10.2 15.1 10.2         
7.0 5.6 3.8   10.3 15.5 10.6         
7.1 5.8 3.9   10.4 16.0 10.9         
7.2 6.0 4.1   10.5 16.5 11.2         
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Table B.9: Harvester productivity matrix (merchantable volume) in tons/PMH 
(SW=softwood; HW=hardwood). 
DBH SW HW   DBH SW HW   DBH SW HW 
(in) (tons/PMH)   (in) (tons/PMH)   (in) (tons/PMH) 
4.0 4.7 3.4   7.3 12.9 9.4   10.6 35.8 26.1 
4.1 4.8 3.5   7.4 13.3 9.7   10.7 36.9 26.9 
4.2 5.0 3.6   7.5 13.7 10.0   10.8 38.1 27.7 
4.3 5.1 3.7   7.6 14.2 10.3   10.9 39.3 28.6 
4.4 5.3 3.8   7.7 14.6 10.6   11.0 40.5 29.5 
4.5 5.4 4.0   7.8 15.1 11.0         
4.6 5.6 4.1   7.9 15.5 11.3         
4.7 5.8 4.2   8.0 16.0 11.7         
4.8 6.0 4.3   8.1 16.5 12.0         
4.9 6.1 4.5   8.2 17.0 12.4         
5.0 6.3 4.6   8.3 17.6 12.8         
5.1 6.5 4.8   8.4 18.1 13.2         
5.2 6.7 4.9   8.5 18.7 13.6         
5.3 7.0 5.1   8.6 19.3 14.0         
5.4 7.2 5.2   8.7 19.9 14.5         
5.5 7.4 5.4   8.8 20.5 14.9         
5.6 7.6 5.6   8.9 21.2 15.4         
5.7 7.9 5.7   9.0 21.8 15.9         
5.8 8.1 5.9   9.1 22.5 16.4         
5.9 8.4 6.1   9.2 23.2 16.9         
6.0 8.6 6.3   9.3 23.9 17.4         
6.1 8.9 6.5   9.4 24.7 18.0         
6.2 9.2 6.7   9.5 25.5 18.6         
6.3 9.5 6.9   9.6 26.3 19.1         
6.4 9.8 7.1   9.7 27.1 19.7         
6.5 10.1 7.3   9.8 27.9 20.4         
6.6 10.4 7.6   9.9 28.8 21.0         
6.7 10.7 7.8   10.0 29.7 21.6         
6.8 11.1 8.1   10.1 30.7 22.3         
6.9 11.4 8.3   10.2 31.6 23.0         
7.0 11.8 8.6   10.3 32.6 23.8         
7.1 12.1 8.8   10.4 33.6 24.5         
7.2 12.5 9.1   10.5 34.7 25.3         
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Table B.10: Forwarder productivity matrix in m3/PMH for load capacities of 100 and 125 logs. 
Distance Log volume (m3)   Log volume (m3) 
  Number of logs/load = 100   Number of logs/load = 125 
(m) 0.06 0.07 0.08 0.09 0.1   0.06 0.07 0.08 0.09 0.1 
150 12.5 14.1 15.6 17.2 18.8   14.8 16.4 18.0 19.6 21.2 
200 11.7 13.3 14.9 16.5 18.1   14.1 15.7 17.2 18.8 20.4 
250 11.0 12.6 14.1 15.7 17.3   13.3 14.9 16.5 18.1 19.7 
300 10.2 11.8 13.4 15.0 16.6   12.6 14.2 15.7 17.3 18.9 
350 9.5 11.1 12.6 14.2 15.8   11.8 13.4 15.0 16.6 18.2 
400 8.7 10.3 11.9 13.5 15.1   11.1 12.7 14.2 15.8 17.4 
450 8.0 9.6 11.1 12.7 14.3   10.3 11.9 13.5 15.1 16.7 
500 7.2 8.8 10.4 12.0 13.6   9.6 11.2 12.7 14.3 15.9 
550 6.5 8.1 9.6 11.2 12.8   8.8 10.4 12.0 13.6 15.2 
600 5.7 7.3 8.9 10.5 12.1   8.1 9.7 11.2 12.8 14.4 
650 5.0 6.6 8.1 9.7 11.3   7.3 8.9 10.5 12.1 13.7 
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Table B.11: Forwarder productivity matrix in m3/PMH for load capacities of 150 and 175 logs. 
Distance Log volume (m3)   Log volume (m3) 
  Number of logs/load = 150   Number of logs/load = 175 
(m) 0.06 0.07 0.08 0.09 0.1   0.06 0.07 0.08 0.09 0.1 
150 17.2 18.8 20.3 21.9 23.5   19.5 21.1 22.7 - - 
200 16.4 18.0 19.6 21.2 22.8   18.8 20.4 21.9 - - 
250 15.7 17.3 18.8 20.4 22.0   18.0 19.6 21.2 - - 
300 14.9 16.5 18.1 19.7 21.3   17.3 18.9 20.4 - - 
350 14.2 15.8 17.3 18.9 20.5   16.5 18.1 19.7 - - 
400 13.4 15.0 16.6 18.2 19.8   15.8 17.4 18.9 - - 
450 12.7 14.3 15.8 17.4 19.0   15.0 16.6 18.2 - - 
500 11.9 13.5 15.1 16.7 18.3   14.3 15.9 17.4 - - 
550 11.2 12.8 14.3 15.9 17.5   13.5 15.1 16.7 - - 
600 10.4 12.0 13.6 15.2 16.8   12.8 14.4 15.9 - - 
650 9.7 11.3 12.8 14.4 16.0   12.0 13.6 15.2 - - 
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Table B.12: Forwarder productivity matrix in m3/PMH for load capacities of 200 logs. 
Distance Log volume (m3) 
  logs/load = 200 
(m) 0.06 0.07 0.08 0.09 0.1 
150 21.9 23.5 - - - 
200 21.1 22.7 - - - 
250 20.4 22.0 - - - 
300 19.6 21.2 - - - 
350 18.9 20.5 - - - 
400 18.1 19.7 - - - 
450 17.4 19.0 - - - 
500 16.6 18.2 - - - 
550 15.9 17.5 - - - 
600 15.1 16.7 - - - 
650 14.4 16.0 - - - 
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Table B.13: Forwarder productivity matrix in cords/PMH for load capacities of 100 and 125 logs. 
Distance Log volume (ft3)   Log volume (ft3) 
  Number of logs/load = 100   Number of logs/load = 125 
(ft) 2.1 2.5 2.8 3.2 3.5   2.1 2.5 2.8 3.2 3.5 
450 5.2 5.9 6.5 7.2 7.8   6.1 6.9 7.5 8.2 8.8 
600 4.9 5.6 6.2 6.9 7.5   5.8 6.6 7.2 7.9 8.5 
750 4.6 5.3 5.9 6.6 7.2   5.5 6.3 6.9 7.6 8.2 
900 4.3 5.0 5.6 6.3 6.9   5.2 6.0 6.6 7.3 7.9 
1050 4.0 4.7 5.3 6.0 6.6   4.9 5.7 6.3 7.0 7.6 
1200 3.7 4.4 5.0 5.7 6.3   4.6 5.4 6.0 6.7 7.3 
1350 3.4 4.1 4.7 5.4 6.0   4.3 5.1 5.7 6.4 7.0 
1500 3.1 3.8 4.4 5.1 5.7   4.0 4.8 5.4 6.1 6.7 
1650 2.8 3.5 4.1 4.8 5.4   3.7 4.5 5.1 5.8 6.4 
1800 2.5 3.2 3.8 4.5 5.1   3.4 4.2 4.8 5.5 6.1 
1950 2.2 2.9 3.5 4.2 4.8   3.1 3.9 4.5 5.2 5.8 
2100 1.9 2.6 3.2 3.9 4.5   2.8 3.6 4.2 4.9 5.5 
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Table B.14: Forwarder productivity matrix in cords/PMH for load capacities of 150 and 175 logs. 
Distance Log volume (ft3)   Log volume (ft3) 
  Number of logs/load = 150   Number of logs/load = 175 
(ft) 2.1 2.5 2.8 3.2 3.5   2.1 2.5 2.8 3.2 3.5 
450 7.1 7.9 8.4 9.2 9.7   8.1 8.8 9.4 - - 
600 6.8 7.6 8.1 8.9 9.4   7.8 8.5 9.1 - - 
750 6.5 7.3 7.8 8.6 9.1   7.5 8.2 8.8 - - 
900 6.2 7.0 7.5 8.3 8.8   7.2 7.9 8.5 - - 
1050 5.9 6.7 7.2 8.0 8.5   6.9 7.6 8.2 - - 
1200 5.6 6.4 6.9 7.7 8.2   6.6 7.3 7.9 - - 
1350 5.3 6.1 6.6 7.4 7.9   6.3 7.0 7.6 - - 
1500 5.0 5.8 6.3 7.1 7.6   6.0 6.7 7.3 - - 
1650 4.7 5.5 6.0 6.8 7.3   5.7 6.4 7.0 - - 
1800 4.4 5.2 5.7 6.5 7.0   5.4 6.1 6.7 - - 
1950 4.1 4.9 5.4 6.2 6.7   5.1 5.8 6.4 - - 
2100 3.8 4.6 5.1 5.9 6.4   4.8 5.5 6.1 - - 
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Table B.15: Forwarder productivity matrix in cords/PMH for load capacities of 200 logs. 
Distance Log volume (ft3) 
  logs/load = 200 
(ft) 2.1 2.5 2.8 3.2 3.5 
450 9.1 9.8 - - - 
600 8.8 9.5 - - - 
750 8.5 9.2 - - - 
900 8.2 8.9 - - - 
1050 7.9 8.6 - - - 
1200 7.6 8.3 - - - 
1350 7.3 8.0 - - - 
1500 7.0 7.7 - - - 
1650 6.7 7.4 - - - 
1800 6.4 7.1 - - - 
1950 6.1 6.8 - - - 
2100 5.8 6.5 - - - 
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Table B.16: Forwarder productivity matrix in tons/PMH for load capacities of 100 and 125 logs. 
Distance Log volume (tons)   Log volume (tons) 
  Number of logs/load = 100   Number of logs/load = 125 
(ft) 0.05 0.06 0.07 0.08 0.09   0.05 0.06 0.07 0.08 0.09 
450 10.7 12.3 13.8 15.4 17.0   12.7 14.3 15.9 17.5 19.1 
600 10.1 11.7 13.2 14.8 16.4   12.1 13.7 15.3 16.9 18.5 
750 9.5 11.1 12.6 14.2 15.8   11.5 13.1 14.7 16.3 17.9 
900 8.9 10.5 12.0 13.6 15.2   10.9 12.5 14.1 15.7 17.3 
1050 8.3 9.9 11.4 13.0 14.6   10.3 11.9 13.5 15.1 16.7 
1200 7.7 9.3 10.8 12.4 14.0   9.7 11.3 12.9 14.5 16.1 
1350 7.1 8.7 10.2 11.8 13.4   9.1 10.7 12.3 13.9 15.5 
1500 6.5 8.1 9.6 11.2 12.8   8.5 10.1 11.7 13.3 14.9 
1650 5.9 7.5 9.0 10.6 12.2   7.9 9.5 11.1 12.7 14.3 
1800 5.3 6.9 8.4 10.0 11.6   7.3 8.9 10.5 12.1 13.7 
1950 4.7 6.3 7.8 9.4 11.0   6.7 8.3 9.9 11.5 13.1 
2100 4.1 5.7 7.2 8.8 10.4   6.1 7.7 9.3 10.9 12.5 
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Table B.17: Forwarder productivity matrix in tons/PMH for load capacities of 150 and 175 logs. 
Distance Log volume (tons)   Log volume (tons) 
  Number of logs/load = 150   Number of logs/load = 175 
(ft) 0.05 0.06 0.07 0.08 0.09   0.05 0.06 0.07 0.08 0.09 
450 14.8 16.4 17.9 19.5 21.1   16.8 18.4 20.0 - - 
600 14.2 15.8 17.3 18.9 20.5   16.2 17.8 19.4 - - 
750 13.6 15.2 16.7 18.3 19.9   15.6 17.2 18.8 - - 
900 13.0 14.6 16.1 17.7 19.3   15.0 16.6 18.2 - - 
1050 12.4 14.0 15.5 17.1 18.7   14.4 16.0 17.6 - - 
1200 11.8 13.4 14.9 16.5 18.1   13.8 15.4 17.0 - - 
1350 11.2 12.8 14.3 15.9 17.5   13.2 14.8 16.4 - - 
1500 10.6 12.2 13.7 15.3 16.9   12.6 14.2 15.8 - - 
1650 10.0 11.6 13.1 14.7 16.3   12.0 13.6 15.2 - - 
1800 9.4 11.0 12.5 14.1 15.7   11.4 13.0 14.6 - - 
1950 8.8 10.4 11.9 13.5 15.1   10.8 12.4 14.0 - - 
2100 8.2 9.8 11.3 12.9 14.5   10.2 11.8 13.4 - - 
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Table B.18: Forwarder productivity matrix in tons/PMH for load capacities of 200 logs. 
Distance Log volume (tons) 
  logs/load = 200 
(ft) 0.05 0.06 0.07 0.08 0.09 
450 18.9 20.5 - - - 
600 18.3 19.9 - - - 
750 17.7 19.3 - - - 
900 17.1 18.7 - - - 
1050 16.5 18.1 - - - 
1200 15.9 17.5 - - - 
1350 15.3 16.9 - - - 
1500 14.7 16.3 - - - 
1650 14.1 15.7 - - - 
1800 13.5 15.1 - - - 
1950 12.9 14.5 - - - 
2100 12.3 13.9 - - - 
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APPENDIX C: 
ADDITIONAL FELLER-BUNCHER FIGURES 
This appendix contains additional feller-buncher figures with dbh class in inches 
instead of cm. It also contains the cycle time prediction model from Chapter 2 with sum 
of dbh in inches (Equ. C.1). 
 
 
Figure C.1: Percentage of trees harvested in each dbh class (in.) for all five stem count 
classes in feller-buncher head accumulations. 
 
 
𝑙𝑜𝑔(𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒[𝑚𝑖𝑛. ]) = 
−0.888 + 0.136 × 𝑆𝑡𝑒𝑚𝐶𝑜𝑢𝑛𝑡 + 0.017 × 𝑠𝑢𝑚𝐷𝐵𝐻 [𝑖𝑛]     (Equ. C.1) 
 
 
 
 
147 
Figure C.2: Schematic model of the function that prepares a list of trees to create a list of bunches with stem count and sum of dbh 
(in) attributes. A tree list gets split into five stem count classes based on the dbh distribution within each class. Trees within a stem 
count class get reduced to the next lower number to build a full bunch in each class while leftover trees get passed down to the next 
lower class. The function builds bunches with the largest diameter tree and fills the remaining open spots of that bunch with the 
lowest diameter trees. The resulting list of bunches with sum of dbh and stem count can be used with the cycle time function seen in 
Equation C.1. 
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